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Appropriate  primary  sustained  culture  conditions  were 
developed  to  study  signal  transduction  in  Panulirus   argus 
olfactory  receptor  neurons  (ORNs) .   Neurons  were  cultured  in 
a  modified  Liebowitz  media  supplemented  with  salts, 
vitamins,  L-glutamine,  low  dextrose,  and  either  fetal  calf 
serum  or  lobster  haemolymph.   The  nature  of  the  adequate 
stimuli,  the  degree  of  tuning  of  the  cells,  the  threshold  of 
sensitivity,  and  the  dual  polarity  of  the  odor-evoked 
currents  were  consistent  with  chemosensitivity  in  the 
cultured  ORNs  being  olfactory. 

The  magnitude  of  the  odor-evoked  currents  was 
significantly  increased  or  decreased  by  nonhydrolyzable 
analogs  of  GTP  and  GDP,  respectively,  and  not  perturbed  by 
pertussis  and  cholera  toxins,  implying  that  a  class  of 
bacterial  toxin-insensitive  G-proteins  was  mediating  signal 
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transduction.   An  antibody  directed  against  Goa  immuno- 
labelled  a  4  0.5  kDa  band  in  an  enriched  membrane  preparation 
of  ORN  outer  dendrites  and,  along  with  an  antibody  directed 
against  Gqa,  selectively  decreased  the  odor-evoked  inward 
current  within  10  min  of  initial  perfusion. 

Inositol  1 , 4 , 5-trisphosphate  (IP3)  selectively  evoked 
an  inward  current  in  the  ORNs .   Application  of  IP3  to  the 
inside  face  of  cell-free  patches  of  ORN  plasma  membrane 
directly  gated  two  ion  channels  that  differed  in 
conductance,  voltage  dependence,  and  dwell -time  kinetics. 
An  antibody  directed  against  an  intracellular,  cerebellar 
IP3  receptor  recognized  a  protein  of  similar  molecular 
weight  to  the  mammalian  receptor  in  the  ORNs  and  was  found 
to  increase  selectively  the  odor-evoked  inward  currents  and 
IP3-activated  unitary  currents  in  the  lobster  ORNs. 

Modulation  of  channel  gating  or  ion  permeation  was 
observed  in  both  IP3-gated  channels  in  response  to  elevated 
pH  or  [Ca2*]^   Both  channels  mimicked  the  pharmacology  of 
the  macroscopic  odor-evoked  inward  currents.   Ion 
substitution  suggested  that  the  small -conductance  channels 
were  nonselective  for  cations  and  that  the  large-conductance 
channels  were  either  nonselective  between  Na+  and  Ca2+  or 
were  selective  for  Ca2+ . 

The  direct  metabolite  of  IP3,  inositol  1,3,4,5- 
tetrakisphosphate  (IP4),  gated  an  ion  channel  that  differed 
in  conductance,  density,  kinetics,  and  voltage  sensitivity 

xi 


from  those  activated  by  IP3.   The  IP4-gated  channel 
mutually  interacted  with  IP3-gated  channels  to  alter  the 
open  probability  of  the  channels. 
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CHAPTER  1 
INTRODUCTION 

Amino  Acid  Receptors  and  Aquatic  Chemoreception 

The  past  decade  has  shown  an  explosive  interest  in 

excitatory  amino  acids  (EAAs)  as  important  neurotransmitters 

of  the  mammalian  central  nervous  system  (CNS) .   Research 

efforts  have  elucidated  the  synaptic  role  of  EAAs,  the  EAA 

subclasses  of  receptors  through  pharmacological  techniques, 

the  mode  of  signal  transduction,  and  the  extent  to  which 

EAAs  are  involved  in  brain  function.   To  date,  EAAs  are 

implicated  in  a  wide  range  of  physiological  phenomena 

including  the  processing  of  sensory  information,  cognitive 

processes,  learning,  and  memory.   Dysfunction  of  receptor- 

ligand  interaction  and  subsequent  transduction  can  lead  to 

neurological  disorders  such  as  epilepsy,  spasticity, 

neurodegeneration  after  a  stroke,  as  well  as  Huntington's 

and  Alzheimer's  disease  (Croucher  et  al . ,  1984;  Watkins  et 

al . ,  1990) .   The  development  of  selective  agonists  and 

antagonists  for  distinct  EAAs  receptors  has  implicated  amino 

acids  in  synaptic  transmission  throughout  various  regions  of 

the  CNS/brain  and  has  offered  pharmacological  intervention 

in  treating  many  of  these  human  neuronal  diseases  (Lodge  and 

Collingridge,  1990)  . 


2 

Amino  acid  receptors  are  not  limited  to  the  mammalian 
CNS .   Feeding  stimulants  for  many  aquatic  organisms,  both 
fish  and  invertebrates,  are  simple  hydrophilic  tissue 
metabolites,  mainly  quaternary  ammonium  compounds, 
nucleotides,  amines,  and  amino  acids  (e.g.,  Ache  and  Carr, 
1990) .   Chemical  analysis  found  19  of  the  20  common  amino 
acids  in  muscle  tissue  of  the  blue  crab,  a  typical  prey 
organism  for  the  lobster  (Carr  et  al . ,  1984) .   Consequently, 
aquatic  organisms  typically  possess  well  defined 
chemosensory  structures  containing  primary  chemosensory 
receptor  neurons  that  are  responsive  to  micromolar  to 
picomolar  amounts  of  amino  acids  and  related  molecules. 
Unlike  the  mammalian  brain,  where  amino  acid  receptors  are 
buried  and  widely  distributed  in  tissue,  these  "external" 
amino  acid  receptors  in  aquatic  organisms  are  readily 
accessible  and  often  highly  enriched  in  the  chemosensory 
structures . 

Large  decapod  crustaceans  such  as  crabs  and  lobsters 
have  such  a  chemosensory  structure  on  the  lateral  branch  of 
the  first  antenna,  commonly  referred  to  as  the  "olfactory" 
organ  or  antennule .   It  consists  of  a  tuft  of  cuticular 
sensilla.   Each  sensillum  contains  an  average  of  318  bipolar 
receptor  neurons  (Griinert  and  Ache,  1988),  yielding  upwards 
of  450,000  receptor  neurons  per  antennule  (Figure  1-1) . 
Outer  dendrites  of  each  bipolar  cell  branch  extensively, 
filling  the  distal  80%  of  the  lumen  of  the  sensillum. 
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5 
Odorants  reach  the  dendrites  through  the  porous  cuticle 
surrounding  the  sensilla.   The  somata  of  the  receptor 
neurons  are  clustered  at  the  base  of  each  sensillum  and  the 
axons  from  each  cluster  project,  without  synapsing,  to  the 
CNS. 

Olfactory  receptor  neurons  (ORNs)  in  lobsters  have  been 
the  object  of  considerable  research  (review,  Ache  and  Derby, 
1985).   The  ORNs  can  be  studied  in   situ    (Ache  et  al . ,  1989) 
or  harvested  to  produce  a  preparation  of  almost  pure 
chemoreceptive  neurons  for  tissue  culture  (Chapter  2), 
biochemistry  (Chapter  4-5),  or  molecular  biology  (Trapido- 
Rosenthal  et  al . ,  1993;  Munger  and  Ache,  in  press) . 

Of  background  relevance  to  the  present  project  is  that 
amino  acids  presented  in  mixtures  (i.e.,  co-released) 
typically  are  less  stimulatory  to  the  neurons,  as  measured 
by  intensity  of  the  electrophysiological  response  of  the 
neuron,  than  when  presented  individually  and  the  responses 
summed.   This  phenomenon,  called  mixture  suppression,  is 
potentially  the  result  of  several  underlying  physiological 
mechanisms  (Ache  et  al . ,  1988) .   Recently  it  was  shown  that 
amino  acid  "odorants"  could  inhibit  as  well  as  excite 
lobster  olfactory  neurons  and,  more  importantly,  that  these 
two  processes  could  occur  in  the  same  neuron  (McClintock  and 
Ache,  1989b;  Michel  et  al . ,  1991;  Figure  1-2).   In  other 
words,  the  excitatory  action  of  one  amino  acid  can  be 
tempered  by  the  inhibitory  action  of  another  (Michel  et  al . , 


Figure  1-2.   Amino  acid  "odorants"  can  inhibit  as  well  as 
excite  the  lobster  olfactory  receptor  neuron  (ORN) .   Shown 
is  a  single  ORN  that  was  first  recorded  in  the  cell-attached 
configuration  (top  left  diagram)  to  monitor  action  potential 
increase  and  decrease  in  frequency  under  stimulation  by  an 
excitatory  odor  mixture  (top  trace,  upper  recording)  and  an 
inhibitory  odor  (top  trace,  lower  recording),  respectively. 
The  cell  membrane  was  then  ruptured  to  achieve  the  whole- 
cell  recording  configuration  (top  right  diagram) ,  in  which 
the  ORN  responded  with  a  membrane  depolarization  (bottom 
trace,  upper  recording)  and  then  hyperpolarization  (bottom 
trace,  lower  recording)  under  the  same  stimulation  protocol. 
This  singular  experiment  demonstrated  that  more  than  one 
transduction  pathway  for  amino  acids  was  present  in  these 
neurons . 

Taken  with  permission  from  Michel  et  al . ,  1991. 


Mixture 


IT 


wwy»w"»«»yr*yi% 


lllll 


muj  ttfry»e>»u»«w>»  tXpyp  » w  i»t,«w<» »»«  » 


4<MM 


-60  mV 


v^/^rHv 


20    mV 


Proline 


'wili^H 


5  sec 

ujLlinitiViiii  W'  itii»iitW»iK^>W^^n^>l('i,fr<'»"if""1*T,yrrnii r*i-~|  nrpfnmii 


Ml 


-60  mV 


20    mV 


8 
1991;  Michel  and  Ache,  in  press)  .   This  finding  strongly- 
suggested  that  more  than  one  transduction  pathway  for  amino 
acids  is  present  in  these  neurons.   What  these  pathways  were 
remained  unknown. 

Molecular  Mechanisms  of  Signal  Transduction 
Perhaps  classically  the  most  studied  and  hence  best 
understood  transduction  pathway  in  neurons  is   (1)  ligand 
binds  to  a  receptor  protein,  (2)  which  induces  the 
activation  of  an  adenylate  cyclase  enzyme  through  G-protein 
coupling,  (3)  then  the  cyclic  adenosine  monophosphate  (cAMP) 
end  product  acts  directly  or  indirectly  on  an  ion  channel, 
(4)  to  induce  a  generator  current.   When  I  commenced  my 
doctoral  study,  olfactory  transduction,  defined  as  the 
mechanism  that  converts  a  chemical  signal  (odor)  into  an 
electric  signal  (current)  was  not  well  perceived.   It  was 
known  that  a  preparation  enriched  in  olfactory  cilia 
contained  an  odor-activated  adenylate  cyclase  (Pace  et  al . , 
1985),   suggesting  that  olfactory  transduction  had  some 
resemblance  to  that  typical  of  many  neurons.   Not  all 
odorants  had  the  capacity  to  evoke  significant  elevations  in 
adenylate  cyclase,  suggesting  cAMP-mediated  transduction  was 
not  the  sole  mechanism.   Nonetheless,  a  conductance  directly 
gated  by  cyclic  nucleotides  (cAMP  &  cGMP)  was  localized  to 
the  olfactory  cilia  (Nakamura  and  Gold,  1987) ,  which  soon 
became  established  as  the  site  of  olfactory  signal 
transduction  (Kurahashi,  1989;  Firestein  et  al . ,  1990). 
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Soon  after,  an  olfactory  specific  G-protein,  Golf,  was  cloned 
and  localized  to  the  ciliary  layer  of  rat  ORNs  (Jones  and 
Reed,  1990) .    The  fact  that  cholera  toxin  ribosylated 
proteins  in  the  outer  dendritic  segments  of  lobster  ORNs, 
implicated  a  GTP-dependent  protein  in  at  least  one  of  the 
two  transduction  processes  in  these  neurons  (McClintock  et 
al .  ,  1990)  .   Yet  in  lobster,  complex  odor  mixtures  or 
identified  stimulatory  odor  molecules  failed  to  alter  levels 
of  cAMP  (McClintock  et  al . ,  1989).   Hence,  in  lobster  ORNs, 
data  did  not  support  cAMP  as  the  candidate  G-protein  linked 
second  messenger. 

Several  other  molecular  mechanisms  had  been  implicated 
in  signal  transduction  in  other  systems,  providing  me  useful 
avenues  of  investigation  at  the  commencement  of  my  study. 
They  included  the  following: 

(1)  Amino  acids  could  directly  gate  channels,  where  the 
channel  was  contained  within  the  receptor  protein  or  where 
the  channel  and  receptor  were  inherently  two  different 
proteins  coupled  directly  or  through  a  G-protein  (Codina  et 
al.,  1987;  Vogt  et  al . ,  1990). 

(2)  Amino  acids  could  activate  a  guanylate  cyclase  to 
increase  cGMP  levels  to  directly  activate  a  channel  or 
indirectly  activate  a  channel  by  phosphorylation  via  protein 
kinase  C  (PKC)  (Vogt  et  al .  ,  1990). 

(3)  Amino  acids  could  operate  through  an  inositol  phosphate 
second  messenger  system  (Berridge,  1989) .   In  this  scheme 


10 
stimulation  of  cell-surface  amino  acid  receptors  hydrolyzes 
a  membrane  bound  inositol  phospholipid,  which  produces  two 
second  messengers- -neutral  membrane  bound  diacylglyceral 
(DAG)  and  water  soluble  inositol  1 , 4 , 5-triphosphate  (IP3)  . 
DAG  remains  in  the  plane  of  the  membrane  (Nishizuka,  1984, 
1988)  to  activate  PKC  which  in  turn  could  activate  a 
channel.   IP3  diffuses  into  the  cytosol  releasing  Ca2+  from 
internal  stores,  causing  Ca2+  wave  oscillations,  and 
activating  Ca2+  channels  (Berridge  and  Irvine,  1989)  .   IP3 
could  additionally  activate  a  channel  directly  (Kuno  and 
Gardener,  1987).   Inositol  1 , 3 , 4 , 5-tetrakisphosphate  (IP4), 
the  direct  metabolite  of  IP3,  may  act  as  an  additional 
messenger  (Irvine,  1990) . 

The  difficulty  in  studying  olfactory  transduction  in 
Panulirus   argus   resided  in  the  fact  that  the  transduction 
machinery  was  hypothesized  to  lie  in  the  outer  dendritic 
membrane  of  the  neuron,  as  was  true  for  the  analogous 
structure  in  vertebrates  (above  section;  Nakamura  and  Gold, 
1987;  Kurahashi,  1989;  Firestein  et  al . ,  1990).   The  thin 
diameter  of  this  process  (<  0.2  /im)  made  direct  electrode 
seals  virtually  impossible.   Recording  from  the  neuron  at 
the  more  accessible  soma  depended  upon  recording  a 
transduction  current  from  as  far  as  1000  /xm  away  and  often 
produced  an  inadequate  voltage-clamp.   I  hypothesized  that 
if  the  lobster  ORNs  could  be  sustained  in  primary  cell 
culture  without  altering  their  voltage-  or  odor-evoked 
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properties,  then  perhaps  the  cells  would  assume  a  form  that 
was  more  amendable  for  voltage -clamping  and  for  studying 
transduction.   If  lobster  ORNs  in   vitro   mimicked  the 
electrical  properties  of  their  counterparts  in   situ,    then 
the  cultured  cells  would  be  an  excellent  model  for  studying 
the  elements  of  olfactory  signal  transduction,  particularly 
in  a  cell  that  was  suspected  of  having  multiple  mechanisms. 

Single-Channel  Recording 
"We  should  remember  that  our  living  systems  are 
essentially  watery  saline  systems  that,  through  a  variety  of 
electrodes,  are  coupled  to  physical  instruments"  (Author 
unknown) .   This  section  provides  an  elementary  background  in 
electrophysiological  techniques  as  a  preface  to  the 
experimental  results  of  Chapters  2-7.   Electrophysiology  is 
a  powerful  tool  to  probe  the  molecular  events  occurring  at 
specialized  structures  along  excitable  membranes.   The 
standard  approach  is  to  detect  and  measure  bioelectrical 
potentials- -yet  by  far  the  majority  of  bioelectrical 
potentials  are  so  small  that  a  sensitive  apparatus  is 
required  to  detect  them.   For  crustacean  olfactory  receptor 
neurons  {Panulirus  argus)    instruments  which  can  detect  a  few 
to  100  pA  are  required.   Electrode  is  a  general  term  for  a 
device  that  couples  the  biological  preparation  to  electrical 
instrumentation.   For  recording  from  lobster  ORNs,  I 
fabricated  electrodes  from  boralex  silicate  glass.   These 
electrodes  were  fire  polished  to  a  final  tip  diameter  of 


12 
1  /xm  to  permit  recordings  from  the  small,  8-15  ixm  diameter 
cells.   Good  electrical  contact  must  exist  between  electrode 
and  cell.   For  an  unknown  reason  first  discovered  by  Ling 
and  Gerard  (1949) ,  the  glass  of  the  electrode  forms  an 
excellent  seal  with  the  lipids  in  the  nerve  cell-membrane  so 
that  the  current  pulse,  once  converted  to  voltage  by  a 
headstage  current-to-voltage  converter,  is  received  at  an 
amplifier.   The  general  function  of  an  amplifier  is  to 
increase  the  voltage  of  a  bioelectrical  signal  so  that  it 
can  be  displayed  or  further  processed  by  a  read-out  device, 
such  as  a  cathode  ray  oscilloscope  (CRO) ,  a  strip  chart 
recorder,  or  a  computer. 

On  either  side  of  an  excitable  membrane  there  are 
varying  concentrations  of  ionic  species.   The  primary 
species  are  Na+,  K+,  Ca2+,  and  Cl".   This  electrical  and 
chemical  gradient,  established  by  the  semi-permeable  nature 
of  the  cell  membrane,  is  defined  as  the  potential 
difference.   Ionic  flow  across  the  cell  membrane  is  confined 
to  specialized  protein  pores  called  channels  (Figure  1-3) . 
Channels  in  lobster  ORNs  are  "gated"  or  opened,  as  in  other 
neurons,  in  response  to  one  of  two  applied  stimuli: 
(1)  ligands  such  as  odors,  second  messenger  molecules,  or 
neurotransmitters  and  (2)  voltage  as  an  electrical  signal  or 
stimuli.   The  movement  of  ions  through  these  channels  is 
essentially  a  flow  of  charge  (or  a  current) ,  which  can  be 
measured  by  a  technique  called  voltage-clamping.   In 


Figure  1-3.   (TOP)  Ionic  flow  across  the  cell  phospholipid 
bilayer  is  confined  to  specialized  protein  pores  called 
channels  that  span  the  phospholipid  bilayer.   (MIDDLE) 
Channels  in  lobster  ORNs  are  "gated"  or  opened,  as  in  other 
neurons,  in  response  to  one  of  two  applied  stimuli: 
(1)  voltage  or  (2)  ligands  such  as  odors,  second  messenger 
molecules,  and  neurotransmitters.   Gap  junction  channels, 
regions  of  close  apposition  between  the  cell  membranes  of 
adjacent  cells,  which  allow  passage  of  larger  molecules  than 
just  ionic  species,  are  also  hypothesized  in  olfactory 
neurons  but  undefined  as  yet  in  lobster  ORNs.   Voltage-gated 
channels  are  comprised  of  4  homogeneous  domains,  ligand- 
gated  channels  of  5  heterogeneous  domains,  and  gap- junction 
channels  of  6  homogeneous  domains.   Curiously  IP3-gated 
channels  (Chapter  4)  fall  into  the  family  of  ligand-gated 
channels  by  definition  of  their  gating  nature,  although 
structurally  these  channels  are  more  closely  related  to 
voltage-gated  channels.   (BOTTOM)  A  two-dimensional  view  of 
the  channel  protein  demonstrates  its  main  features:   A  pore 
region  through  which  the  ions  conduct  current  from  the 
external  medium  to  the  internal  cytoplasm  or  vice-versa,  a 
selectivity  filter  which  contains  a  region  that  preferences 
a  given  ion  over  that  of  others  based  on  molecular  size  and 
fast  on-off  binding  reactions,  a  gate,  reputedly 
hypothetical,  which  can  be  opened  or  closed  in  response,  for 
example,  to  conformational  changes  induced  by  electrical 
charge  migration,  ligand  binding,  pH  or  temperature,  and  a 
voltage  sensor  which  is  susceptible  to  movement  of 
electrical  charges  as  a  result  of  a  change  in  membrane 
potential . 

Modified  with  permission  from  Hille,  1992. 
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voltage-clamp  recording,  a  feedback  amplifier  measures  the 
difference  between  a  set  potential  (command  voltage)  and  the 
potential  generated  by  the  stimulated  cell.   This  voltage 
differential  is  converted  to  a  current  and  given  back  to  the 
ORN  to  maintain  the  potential  that  was  fixed  on  the 
amplifier  (hence  the  term  voltage -CLAMP;  Figure  1-4) .   The 
amount  of  current  given  back  to  the  ORN  is  used  as  a  measure 
of  what  was  received  as  the  bioelectric  signal  from  the 
cell.   In  some  instances,  a  single  electrode  operates  as  the 
voltage  sensing  as  well  as  current  injecting  device.   In 
larger  cells,  one  can  use  two  separate  electrodes,  one  for 
each  function.   Lobster  ORNs  are  not  big  enough  for  the 
placement  of  two  electrodes,  so  the  one  electrode  has  to 
flip-flop  between  the  two  functions. 

The  voltage-clamp  method  was  first  developed  by  Cole 
(1949)  and  Hodgkin  et  al .  (1952)  for  use  with  the  famous 
squid  giant  axon.   The  usefulness  of  the  clamp  stems  from 
the  fact  that  it  is  much  easier  to  obtain  information  about 
currents  measured  from  an  area  of  membrane  with  a  uniform, 
controlled  voltage,  than  when  the  voltage  is  changing  freely 
with  time  and  between  different  regions  of  the  membrane. 
The  voltage-clamp  was  modified  by  Neher  and  Sakmann  (1976), 
recent  Noble  laureates  in  medicine,  for  investigating  the 
basic  properties  of  ion  channels.   In  order  to  directly 
measure  the  elementary  events  (ion  flux  through  single 
channels)  they  achieved  a  reduction  in  background  noise  by 


Figure  1-4.   On  either  side  of  a  biological  excitable 
membrane  there  are  ionic  species  of  varying  concentration, 
the  primary  ionic  species  being  Na",  K+,  Ca2+,  and  Cl".   The 
electrical  and  chemical  gradient  established  by  the 
relatively  impermeable  barrier  determines  the  potential 
difference,  close  to  -60  mV  in  lobster  ORNs .   The  voltage- 
clamp  measures  the  flow  of  charge  through  the  protein  pore 
of  a  channel;  the  bioelectric  signal  -  current.   The 
feedback  amplifier  (FBA)  measures  the  difference  between  the 
set  potential  difference  (command  voltage;  Vc)  and  the 
amount  given  by  the  stimulated  cell  as  voltage.   This  given 
amount  of  voltage  is  converted  to  a  current  increment  which 
is  given  back  to  the  ORN  to  maintain  the  potential  that  was 
fixed  on  the  amplifier.   In  most  experiments,  I  commonly 
used  a  Vc  =  -60  mV  to  approximate  the  resting  membrane 
potential  in  lobster  ORNs. 
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restricting  the  size  of  the  recorded  membrane  to  a  small 
10  jum2  patch.   They  then  electrically  isolated  the  membrane 
patch  from  the  rest  of  the  cell  by  sealing  the  glass 
micropipette  tightly  onto  the  membrane.   This  is  how  the 
name  patch-clamp  recording  was  derived  (Figure  1-5) .   It  was 
only  by  accident  that  they  discovered  slightly  negative 
pressure  or  suction  created  a  molecular  contact  between  the 
pipette  and  plasma  membrane,  which  improved  seal  resistance 
into  the  gigaohm  range  (Neher  et  al . ,  1978) . 

Horn  and  Patlak  (1980) ,  Hamill  and  Sakmann  (1981) ,  and 
Hamill  et  al .  (1981),  discovered  that  patches  could  be 
removed  from  cells  by  retracting  the  glass  pipette  to 
achieve  excised  patches.   Here  patches  are  removed  from 
their  natural  environment,  either  with  the  internal  (inside- 
out  configuration)  or  external  side  (outside-out 
configuration)  of  the  membrane  facing  the  outside  bath, 
allowing  optimal  control  of  solution  changes  from  either 
face  of  the  membrane.   Although  retaining  the  cell  in  a 
cell -attached  recording  configuration  permits  measurements 
of  a  process  with  the  least  disturbance  of  the  intact  cell, 
sometimes  more  experimental  control  is  required. 
Alternatively,  strong  suction  can  be  applied  while  the 
pipette  is  still  attached  to  the  cell  membrane  to  rupture 
the  patch  and  create  a  whole-cell  configuration,  whereby  the 
ionic  milieu  of  the  cell  interior  and  the  membrane  potential 
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can  be  controlled,  and  the  cell  is  left  otherwise  intact 
(Figure  1-5) . 

I  have  used  each  of  these  pipette  configurations  in  my 
studies  towards  a  different  gain:   (1)   While  in  the  cell- 
attached  configuration,  a  bath  applied  agonist  that  evokes 
channel  activity  generally  infers  a  cellular  mechanism 
requiring  a  second  messenger  molecule.   (2)   Membrane 
impermeant  probes  can  be  readily  applied  to  the  cytoplasmic 
face  of  the  membrane  in  the  inside-out  configuration. 
(3)   While  in  the  outside-out  configuration,  a  ligand 
applied  to  the  bath  that  evokes  channel  activity  strongly 
suggests  a  directly  gated  channel  mechanism.   I  also  took 
advantage  of  a  modification  of  the  inside-out  configuration 
(Chapter  5)  called  "patch  cramming"  as  described  by  Kramer 
(1990),  where  one  takes  an  inside-out  configured  patch 
containing  a  channel  of  interest  and  inserts  the  patch 
pipette  into  a  second,  recipient  cell.   The  channel  activity 
of  the  patch  while  inside  the  recipient  cell  can  then  be 
used  as  a  probe  to  detect  changes  in  intracellular  second 
messenger  production  in  a  living  cell.   In  order  to  acquire 
baseline  odor  responsivity  of  a  neuron,  and  to  monitor 
changes  from  unstimulated  states,  I  chose  to  either  voltage- 
clamp  single  ORNs  sequentially  or  to  rely  on  the  diffusional 
properties  of  solutions  over  time  by  backfilling  electrodes 
with  test  solutions  and  tip-filling  them  with  control 
solutions  (Chapters  4-5) . 


Figure  1-5.   (TOP)  Diagram  of  a  neuron  in  an  on-cell  or 
cell-attached  configuration.   This  configuration  permits 
measurements  of  a  natural  process  with  the  least  disturbance 
of  the  intact  cell.   Strong  suction  can  be  applied  while  the 
pipette  is  still  attached  to  the  cell  membrane  to  create  a 
whole-cell  configuration,  whereby  the  ionic  milieu  of  the 
cell  interior  and  the  membrane  potential  can  now  be 
controlled  by  the  investigator,  and  the  cell  is  left 
somewhat  intact.   The  measured  current  is  defined  as  a 
macroscopic  current,  comprised  of  the  total  summation  of  all 
ionic  flux  from  the  channels  contained  in  the  whole  cell. 
In  lobster  ORNs ,  an  odor-evoked  outward  current  is  due  to  an 
efflux  of  cations;  an  inhibitory  odor  response.   An  odor- 
evoked  inward  current  is  due  to  influx  of  cations;  an 
excitatory  odor  response.  (BOTTOM)   Membranes  can  be  removed 
from  neurons  by  retracting  the  glass  pipette  to  achieve 
excised  patches .   Patches  can  be  removed  from  their  natural 
environment,  either  with  the  internal  (inside-out 
configuration)  or  external  side  (outside-out  configuration) 
of  the  membrane  facing  the  outside  bath,  allowing  optimal 
control  of  the  solutions  bathing  either  face  of  the  channel. 
I  commonly  used  the  inside-out  configuration  (as  shown)  in 
order  to  apply  the  membrane  impermeant  second  messenger, 
inositol  1, 4 , 5-trisphosphate  (IP3)  to  the  inside  face  of  a 
channel.   By  convention,  an  ion  passing  into  the  cell  (out 
of  the  patch  pipette)  is  defined  as  an  inward  open  channel 
event  (0)  and  is  displayed  as  a  downward  deflection  in 
unitary  current  level  away  from  the  closed  state  (C) .   An 
ion  passing  in  the  opposite  direction  is  displayed  as  an 
upward  deflection  in  unitary  current  level  and  is  described 
as  an  outward  open  channel  event 

Modified  with  permission  from  Hille,  1992. 
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The  analysis  of  single  channel  events  describes  the 
behavioral  details  of  the  passage  of  a  single  ion  species 
across  the  phospholipid  bilayer  of  a  neuron.   An  excellent 
source  for  the  recording  and  analysis  of  currents  from 
single  ion  channels  is  Wonderlin  et  al .  (1990) .   Two 
excellent  reviews  by  the  noble  laureates  that  first  recorded 
unitary  currents,  provides  information  on  the  theory  of 
channel  behavior,  as  discussed  in  the  next  three  pages  of  my 
dissertation,  and  can  be  found  Rae  and  Cooper  (1990) ,  Neher 
(1992b) ,  and  Sakmann  (1992) .   When  quantifying  the  behavior 
of  a  single  molecule,  the  channel  protein,  one  generally 
calculates  (1)  the  magnitude,  (2)  duration,  and  (3)  order  of 
channel  events;  all  of  which  are  random  variables  and  none 
of  which  can  be  inferred  by  observing  raw  data.   The 
information  contained  in  channel  events  must  come  from  a 
measurement  of  their  distributions;  statistics.   The  current 
thinking  is  that  randomness  of  thermal  motions  underlies  the 
dwell  time  of  a  channel.   It  is  postulated  that  the  bonds  of 
the  channel  protein  are  vibrating,  bending,  and  stretching 
on  a  picosecond  time  scale  to  achieve  an  open  or  closed 
conformation  once  an  energy  barrier  is  surmounted.   The 
probability  of  surmounting  such  energy  barriers  to  an  open 
state  (Propen)  has  been  found  to  be  dependent  upon  one  or 
more  natural  stimuli  for  the  channel  in  question:   membrane 
potential,  applied  voltage;  temperature;  sensory  inputs; 
second  messenger,  hormone,  neurotransmitter,  or 
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intracellular  ion  concentration;  or  state  of  modulation, 
phosphorylation . 

The  first  random  variable,  event  magnitude,  is 
typically  calculated  based  on  one  of  two  distributions  of 
unitary  current  amplitude:   a  point-by-point  amplitude 
histogram  or  an  event  amplitude  histogram.   In  the  former, 
all  sampled  channel  events  are  binned  into  assigned  current 
levels,  regardless  of  the  state  (open  or  closed)  of  the 
channel.   In  the  latter,  a  histogram  is  constructed 
containing  only  amplitudes  of  events  greater  than  2.5  times 
the  rise  time  (2.5  trise)  duration  of  the  event.   The  event 
amplitude  is  then  measured  by  averaging  the  current  level 
within  a  window  beginning  «  1  trise  after  the  opening  and 
ending  1  trise  before  the  end  of  the  event.   This  window 
corresponds  to  the  "flat"  region  of  the  event  and  excludes 
regions  that  may  be  distorted  due  to  the  finite  trise  of  the 
recording  instruments.   In  both  types  of  distributions  the 
mean  and  variance  of  the  current  magnitude  can  be  determined 
by  fitting  the  histogram  with  a  Gaussian  curve.   An  X-Y  plot 
of  the  mean  current  as  a  function  of  membrane  potential 
(voltage)  can  be  used  to  generate  the  slope  conductance  of 
the  channel,  a  measure  of  the  degree  of  ion  permeation.   The 
greater  the  conductance  of  a  channel,  the  faster  the  ions 
are  flowing  through  the  pore  of  the  channel.   Generally,  low 
conductance  channels  have  a  higher  degree  of  ionic 
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interaction  with  charged  amino  acids  inside  the  channel  pore 
or  between  each  other. 

I  chose  to  use  the  point-by-point  amplitude  histogram 
in  my  analysis  because  the  number  of  channels  in  a  patch  can 
be  detected  with  this  distribution,  Propen  can  be  easily 
calculated,  and  presence  of  voltage-dependence  can  be 
determined.   In  a  point-by-point  amplitude  histogram,  the 
number  of  peaks  minus  one  is  generally  the  number  of 
channels.   If  the  peaks  correspond  to  an  integer  function, 
then  one  is  likely  to  be  recording  multiple  openings  of 
identical  channels.   If  the  peaks  correspond  to  variable 
amplitudes,  then  one  is  likely  to  be  recording 
heterogeneous  multiple  channels.   The  probability  of 
opening,  Propen,  is  defined  as  the  total  time  a  channel 
spends  in  the  open  state  divided  by  the  length  of  the 
recording.   The  integration  of  the  area  under  the  peaks  in 
the  amplitude  histogram  is  used  as  an  index  of  time.   The 
presence  of  voltage -dependent  channel  opening  can  be 
determined  by  plotting  Propen  as  a  function  of  membrane 
voltage.   Deviation  from  a  zero  slope  would  indicate 
voltage-dependent  channel  gating. 

The  second  random  variable  is  duration,  the  exponential 
distribution  of  random  dwell  times.   One  measures  the 
average  time  (dwell)  the  channel  spends  in  the  open  and 
closed  state.   The  mean  open  time  (t0)  or  mean  closed  time 
(tc)  is  dependent  upon  the  rate  constant  (in  sec"1)  leading 
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out  of  that  state.   The  mean  dwell  times  are  thus  defined  as 

a 
tc  =  1/of  and  t0  =  1/fi  where  C  (closed)  ,, 0  (open)  . 

/3 
The  movement  between  the  0  and  C  states  requires  a 

differential  to  describe  its  behavior,  called  the 

probability  distribution  function,  which  defines  the 

intervals  between  the  random  channel  events.   The 

derivative,  f(t),  of  this  function  is  called  a  pdf  or  a 

probability  density  function,  which  is  the  function  used  to 

fit  measured  open  or  closed  dwell  times  of  a  channel.   Dwell 

times  are  reported  in  the  form  of  a  histogram,  where  each 

open  or  closed  event  is  binned  into  a  dwell  time  of  a 

certain  duration,  and  the  exponential  fit  (f(t))  of  the 

histogram  provides  the  mean  dwell  time,  usually  reported  in 

msec.   The  number  of  exponential  components  required  to  fit 

the  distribution  =  the  number  of  open  or  closed  states  of 

the  channel . 

Most  membrane  patches  contain  multiple  channels  and 

multiple  states,  which  albeit  complicates  the  analysis  of 

channel  behavior,  provides  a  lot  of  information  about  the 

third  random  variable,  order  of  channel  events.   Channel 

bursting,  latency  to  first  opening,  change  in  mode  or 

kinetic  state,  hibernation,  subconductance,  cooperativity, 

and  steady-state  flickering  are  all  examples  of  complex 

channel  behavior  that  can  provide  rich  knowledge  about  the 

biology  of  a  channel . 


26 
Specific  Aims 
I  addressed  five  major  questions  during  the  course  of 
my  doctoral  study.   The  resolution  of  each  question  helped 
shape  the  subsequent  avenue  of  investigation  as  the 
following  suggests,  namely: 

1.  Can  lobster  (Panulirus   argus)    olfactory  receptor  neurons 
be  sustained  in  primary  cell  culture? 

2.  Are  the  voltage-activated  and  odor-activated  properties 
of  the  neurons  altered  by  cell  culture? 

3.  Do  GTP-binding  proteins  (G-proteins)  link  binding  of  an 
odorant  receptor  to  the  generation  of  an  odor-evoked 
current? 

4 .  Are  odor-evoked  currents  elicited  by  direct  activation 
of  an  odorant  receptor  by  an  appropriate  odor  molecule 
or  are  currents  evoked  through  a  second  messenger 
cascade? 

5 .  What  is  the  primary  charge  carrier  of  the  plasma 
membrane  IP3-gated  channels  mediating  excitatory 
transduction  (inward  currents)  and  can  they  be  activated 
by  other  metabolites  in  the  inositol  phospholipid 
pathway? 


CHAPTER  2 
SUSTAINED  PRIMARY  CELL  CULTURE 

Introduction 

Dissociated  neurons  in  primary  culture  are  providing 

useful  models  for  a  growing  number  of  neurobiological 

studies  (Benda  et  al . ,  1975;  Sebben  et  al . ,  1990). 

Olfactory  receptor  neurons  in  many  animals  are  long,  thin 

bipolar  neurons  that  terminate  distally  in  a  highly  branched 

arbor  of  cilia  or  in  an  outer  dendritic  branch  (Steinbrecht , 

1969)  that  is  suspected  to  be  the  site  of  chemosensory 

transduction  (Lowe  and  Gold,  1990) .   Studying  the  physiology 

of  transduction  by  directly  patching  the  thin  cilia  or  outer 

dendritic  branches  has  been  possible  (Nakamura  and  Gold, 

1987,  Hatt  and  Zufall,  1990),  but  is  technically  difficult. 

In  most  instances,  it  is  necessary  to  work  with  intact 

cells.   In  amphibians,  some  of  the  olfactory  receptor  cells 

contract  when  dissociated  from  the  olfactory  epithelium 

(Firestein  and  Werblin,  1989) ,  thereby  facilitating 

physiological  analysis  of  transduction  by  allowing  effective 


NOTE:   This  chapter  has  been  accepted  for  publication  and  is 
reprinted  with  permission  from  Fadool,  D.A.,  W.C.  Michel, 
and  B.W.  Ache.   1991.   Sustained  primary  culture  of  lobster 
(Panulirus   argus)    olfactory  receptor  neurons.   Tissue  &  Cell 
23  (5)  :   719-732 . 
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space  clamping  to  characterize  odor-activated  currents  and 
by  allowing  drugs  introduced  into  the  soma  through  the  patch 
electrode  to  diffuse  to  the  cilia.   In  other  animals, 
however,  dissociated  receptor  neurons  retain  their  diffuse 
morphology  and  are  less  amenable  to  physiological  analysis 
of  transduction.   In  these  instances,  physiological  analysis 
of  transduction  would  be  facilitated  if,  by  placing  the 
cells  in  culture,  it  were  possible  to  obtain  morphologically 
more  compact  cells  that  still  retained  their  responsiveness 
to  odors . 

Lobster  olfactory  neurons  have  one  of  the  longest 
dendrite  to  soma  distances  reported  for  olfactory  receptor 
cells  in  any  organism  {ca.    1  mm;  Griinert  and  Ache,  1988)  . 
In  order  to  study  the  physiology  of  transduction  in  these 
cells,  it  would  be  particularly  useful  if  the  cells  could  be 
sustained  in  primary  culture  in  a  morphologically  more 
compact  form.   Most  tissue  culture  protocols,  however,  have 
been  designed  for  mammalian  systems  (especially  human,  rat, 
mouse,  and  rabbit) .   Although  techniques  for  culturing 
insect  tissue  are  now  commercially  available,  culturing 
techniques  for  other  invertebrate  nervous  tissues  are  less 
well  established.   In  particular,  crustacean  tissue  culture 
is  just  in  its  initial  stages  of  development  (Fainzilber  et 
al . ,  1989)  .   Only  recently  have  techniques  for  culturing 
stomatogastric  ganglion  (Graf  and  Cooke,  1990;  Krenz  and 
Fischer,  1990),  peptidergic  neurons  (Cooke  et  al . ,  1989), 
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adipose  tissue  (Van  Beek  et  al . ,  1987),  proprioceptor  organs 
(Hartman  et  al . ,  1989),  and  ovarian  tissues  (Fainzilber  et 
al . ,  1989)  been  reported  using  crustacean  species.   The 
above  protocols  reported  widely  varying  conditions 
suggesting  that  a  systematic  test  of  culture  parameters  may 
be  necessary  for  each  crustacean  species . 

In  order  to  better  study  the  electrophysiological 
properties  of  lobster  olfactory  receptor  neurons,  therefore, 
I  developed  techniques  to  sustain  the  cells  in  primary 
culture.   In  this  chapter  nine  culture  parameters  are 
described  that  were  systematically  tested  to  establish  an  in 
vitro   model  which  most  closely  approximated  the  osmolarity 
and  salt  composition  of  the  lobster's  physiological  fluid; 
haemolymph;  approximated  known  physical  parameters,  such  as 
temperature;  and  which  included  supplements  known  to  have 
effects  on  nerve  outgrowth.   In  this  chapter  are  reported 
the  conditions  that  allow  cells  harvested  from  lobster 
olfactory  organs  (antennules)  to  survive  in  primary  culture 
for  23  days.   Cultured  cells  are  more  compact  than  cells  in 
vivo,    and  most  importantly,  are  electrically  excitable  and 
odor  sensitive;  that  is,  they  bear  the  physiological  markers 
of  olfactory  neurons.   The  potential  these  cultured  cells 
have  for  studying  the  physiological  process  of  olfactory 
transduction  is  discussed. 
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Methods 
Animals 

Specimens  of  the  Caribbean  spiny  lobster,  Panulirus 
argus,    were  collected  from  the  Florida  Keys  and  maintained 
in  an  open  circulating  sea  water  system.   Animals  were  fed  a 
mixed  diet  of  frozen  fish,  squid,  and  shrimp. 
Tissue  Preparation 

The  olfactory  organ  (distal  third  of  the  lateral 
antennular  filament)  was  excised  from  intermolt  animals 
(Figure  2-1,  A-C)  and  washed  in  10%  Listerine  in  Panulirus 
saline  (PS,  see  solutions)  containing  1%  penicillin, 
streptomycin  sulfate,  and  amphotericin  B  as  Fungizone 
(Gibco;  AbAm) .   The  organ  was  cut  into  sections  three  annuli 
long,  hemisected,  and  transferred  to  fresh  PS  +  AbAm. 
Soma  clusters  of  the  olfactory  (aesthetasc)  receptor  cells, 
which  literally  fill  the  lumen  of  the  organ,  were  removed 
from  the  hemisection  with  a  sterile  26  gauge  syringe  needle, 
washed  repetitively  with  PS  +  AbAm,  and  transferred  to  fresh 
PS  +  AbAm.   Repetitive  washes  were  critical  to  eliminate 
contamination,  presumably  from  epiphytes  on  the  exoskeleton. 
The  isolated  soma  clusters  were  then  incubated  for  50  min  at 
80  rpm  on  an  orbital  shaker  in  0.2  micron  filter-sterilized: 
10  ml  PS  +  AbAm  containing  2.5  mg  papain  and  12  mg  L- 
cysteine . 
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Cell  Cultures 

Proteolytic  digestion  was  stopped  by  replacing  the 
enzyme  solution  with  modified  low  glucose  L-15  media  (50  ml 
L-15  Stock,  50  ml  of  1.6X  normal  concentration  of  PS,  0.6  g 
dextrose,  0.029  g  L-glutamine,  and  0.01%  gentamicin) .   Cells 
were  dissociated  by  trituration  using  a  sterile  23  gauge 
needle  and  plated  on  poly-D-lysine  hydrobromide  (MW  49,300- 
53,000)  coated  glass  12  mm  coverslips  (2.5-5.0  /xg/cm2)  at  a 
cell  density  of  12  x  104  cells/ml  (per  2  cm2  well) .   Cells 
were  placed  in  the  dark  and  allowed  to  adhere  to  the 
coverslips  for  2  hr  without  agitation.   After  this  period, 
6%  fetal  calf  serum  (FCS)  or  10%  lobster  haemolymph  was 
added  to  each  well.   In  experiments  requiring  haemolymph 
supplementation,  the  blood  extraction  procedures  of  Fadool 
et  al . ,  1988  were  followed.   Haemolymph  osmolarity  was 
measured  in  200  xxl  samples  by  freezing  point  depression 

(Osmette  #2007,  Precision  Systems,  MA).   Only  one-half  of 
the  media  was  changed  every  fourth  day  to  allow  accumulation 
of  any  required  neurotrophic  factors.   Cells  were  maintained 
at  saturation  humidity  in  a  modular  incubator  chamber 

(Billups-Rothenberg)  inside  a  low-range  temperature 
incubator  (Hotpack)  at  24°C. 
Experimental  Culture  Conditions 

Nine  culture  parameters  were  systematically  varied  over 
22  cultures  and  their  effect  on  yield  and  longevity,  if  any, 
noted:   (1)  osmolarity  (917  to  1079  mOsm) ,  (2)  temperature 
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(20  to  28°C)  ,  (3)  humidity  (60%  to  complete  saturation)  , 
(4)  HEPES  buffering,  (5)  serum  supplementation  at  2,  12,  or 
24  hr  after  plating,  (6)  basic  minimal  essential  (BME) 
vitamin,  L-glutamine,  and  nerve  growth  factor  7s  (NGF-7s) 
supplementation,  (7)  substrate  (glass,  plastic,  poly-D- 
lysine,  laminin,  collagen,  or  haemolymph  clots) ,  (8)  length 
of  proteolytic  digestion  (20  to  60  min) ,  and  (9)  duration  of 
animal  holding  (1  to  8  wk) .   Cell  counts  were  made  daily  of 
a  permanently  marked  field  of  view  in  each  well  of  a  24  well 
plate . 

The  effect  of  supplementing  olfactory  neuron  culture 
media  with  media  preconditioned  with  lobster  brain  tissue 
was  measured  in  a  separate  series  of  experiments.   Either 
entire  brain  or  the  olfactory  and  accessory  neuropils  were 
isolated  from  the  anterior  region  of  cold  anesthetized 
lobsters.   Tissues  were  rinsed  in  3  volumes  of  PS  +  5%  AbAm 
and  then  diced  into  fine  pieces  in  a  small  volume  of 
modified  L15  media.   Whole  tissue  slices  were  portioned  into 
1  ml  modified  LI 5  media,  supplemented  with  40  /zl  of  FCS,  and 
continually  agitated  at  50  RPM  on  an  orbital  shaker. 
Conditioned  media  was  collected  after  24  and  60  hr  and  used 
to  supplement  olfactory  neuron  cultures  at  50%  (50  L15 
media:  50  conditioned  media)  and  30%  (70  L15  media:  30 
conditioned  media)  concentrations.  In    vitro   brain  tissue 
fragments  were  maintained  for  2  wk  by  changing  one-half 
media  every  third  day  and  re-supplementing  with  35  fil    FCS. 
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Electrophysioloqy 

The  cells  were  patch-clamped  in  the  whole-cell 
configuration,  using  an  integrating  patch-clamp  amplifier 
(Dagan  3900)  .   The  signal  was  filtered  with  a  low  pass 
Bessel  filter  at  5  kHz  and  digitally  sampled  during  odor 
stimulation  every  4  msec.   Acquisition  and  subsequent 
storage  and  analysis  of  the  data  was  done  using  pCLAMP 
software  (Axon  Instruments) .   Neurons  were  viewed  at  40X 
magnification  under  Hoffman  optics.   Patch  electrodes  of 
1.8  mm  O.D.  boralex  glass  were  fire  polished  to  a  tip 
diameter  of  approximately  1.0  jxm  (Bubble  number  4.8;  Mittman 
et  al . ,  1978).   High  resistance  seals  (Re  =  8.0  to  14  GQ) 
were  formed  by  applying  gentle  suction  to  the  lumen  of  the 
pipette.   Odorants  (pipette  concentration  10~3M)  were 
delivered  to  the  cells  from  a  multibarrel  glass  micropipette 
(Frederick  haer  &  Co . )  coupled  to  a  pressurized  valve  system 
(120  msec  pulses;  Picospritzer ;  General  Valve  Co.)  via  a  6- 
way  rotary  valve  (Figure  2 -ID) . 
Solutions 

All  salts  used  in  preparing  Panulirus   saline  and 
modified  Liebowitz  L15  Media  were  obtained  from  Sigma 
Chemical  Co.   NGF-7s  from  mouse  submaxillary  glands  was 
obtained  from  Boehringer  Mannheim.   The  patch  electrode 
solution  consisted  of  (in  mM)  30  NaCl,  11  EGTA,  10  HEPES, 
1  CaCl2,  180  K-acetate,  and  696  glucose;  pH  adjusted  to  7.0 
with  5N  KOH.   PS  consisted  of  (in  mM) :   458  NaCl,  13.4  KCL, 
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9.8  MgCl2,  13.6  CaCl2/  13.6  Na2S04/  3  HEPES,  and  2  glucose; 
pH  adjusted  to  7 . 4  with  IN  NaOH.   Modified  L15  Media  was 
prepared  as  follows:   50  ml  Liebowitz  LI 5  Stock,  50  ml  of 
1 . 6X  normal  concentration  of  PS,  0 . 6g  dextrose,  0.026  g  L- 
glutamine,  1%  BME  (basic  minimal  essential)  vitamins 
(Sigma),  and  0.01%  gentamicin.   Solutions  of  substances 
tested  as  odors  were  either  (1)  a  100-fold  dilution  of  a 
complex  mixture  prepared  from  TetraMarin  (TET) ,  a 
commercially  available  flake  fish  food,  made  into  an  aqueous 
extract  by  homogenization  of  2g  dry  flakes  into  60  ml 
saline,  followed  by  low  speed  centrifugation  to  remove 
particulates  then  filtration  with  Whatman  #3,  or  (2)  10"3M 
solutions  of  taurine,  betaine,  ascorbic  acid,  proline, 
glycine,  cysteine,  TAMP,  TMAO,  or  arginine,  prepared  daily  in 
the  modified  L15  media.   Odor  concentrations  are  reported  as 
the  pipette  concentration  and  not  the  absolute  test 
concentration  reaching  the  cell.   The  absolute  concentration 
was  estimated  to  be  91.5%  of  the  pipette  concentration, 
based  on  a  method  for  determining  stimulus  concentration 
using  the  steady-state  K+  permeability  of  neurons  (Firestein 
and  Werblin,  198  9) . 

Results 
Optimal  Culture  Conditions 

Optimal  culture  conditions  were  determined  based  upon 
measurement  of  cell  survival;  time  in  days  until  1/2  the 
original  plating  density.   Cells  survived  better  at 
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saturation  humidity  than  at  60  and  80%  humidity,  where  cell 
densities  were  reduced  1  wk  after  plating  by  38  and  21 
percent,  respectively,  in  comparison  with  100%  saturated 
controls.   Of  the  three  temperatures  tested  (20,  24,  and 
28°C) ,  the  cells  survived  longest  at  24°C  (Figure  2-2A) . 
Survival  at  24°C  was  significantly  longer  than  at  the  next 
best  temperature  (20°C)  . 

Cells  did  not  adhere  to  untreated  glass  coverslips, 
collagen  or  laminin  substrates,  and  adhered  with  little 
neurite  outgrowth  to  commercial  plastic  tissue  culture  wells 
or  dishes  (Corning  and  Falcon  #1008,  respectively) .   Cells 
that  did  not  adhere  to  an  appropriate  substrate,  or  as  a 
population  commence  neurite  extension,  died  within  36  hr . 
Cells  sprouted  processes  with  optimal  survival  when  plated 
on  poly-D-lysine  coated  glass  coverslips  or  when  grown  on 
haemolymph  clots  (Figure  2-2B) .    Cells  that  adhered  to 
poly-D-lysine  substrate  or  clots  did  so  immediately  after 
plating  in  the  absence  of  FCS .   Process  outgrowth  and/or 
extension  was  observed  as  early  as  10  min  after  plating. 
Cells  did  not  adhere  uniformly  to  the  substrate  when  FCS  was 
provided  upon  plating  (vs.  2  to  12  hr  later)  nor  when  cells 
were  kept  under  room  light  or  continually  agitated. 

Cells  survived  equally  well  between  965  and  1082  mOsm, 
the  highest  of  the  four  osmotic  conditions  tested.   Survival 
was  reduced  significantly  at  920  mOsm,  the  lowest  of  the 
four  osmotic  strengths  tested  (Figure  2-2C) .   Actual 
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haemolymph  osmolarity  of  intermolt  animals  was  found  to  be 
1079  ±  37.5  mOsm  (SEM,  N=4).   Cells  demonstrated  a  marked 
requirement  for  BME  vitamins,  L-glutamine,  and  FCS 
supplementation  (Figure  2 -2D) .   Cell  survival  was  maximal 
when  FCS  was  supplied  2  hr  after  plating  (Figure  2-2D  - 
1,2) .   Cell  density  was  reduced  by  one-half  when  cells  were 
deprived  of  FCS  for  as  short  as  12  hr  (Figure  2 -2D  -  3 ) ;  few 
to  no  cells  survived  24  hr  of  deprivation  (Figure  2 -2D  -  4) . 
The  addition  or  omission  of  HEPES  (Figure  2-2D  -  5,6)  or 
NGF-7s  (Figure  2-2D  -  1,2)  had  no  gross  effect  on  either 
longevity  or  neurite  outgrowth.   When  antennular  tissue  was 
taken  from  animals  held  8  wk  or  longer  as  opposed  to  animals 
held  no  more  than  3  wk  (Figure  2-2D  -  7,8),  culture  plating 
density  dropped  by  one-third  within  the  first  hours  of 
plating,  with  few  cells  extending  processes.   BME  vitamin 
supplementation  increased  cell  survival  when  using  animals 
held  less  than  3  wk  (Figure  2-2D  -  9) . 

Cells  could  be  maintained  in  culture  up  to  23  days, 
using  the  derived  optimal  conditions.   Media  preconditioned 
with  CNS  tissue,  added  in  amounts  up  to  30  or  50%  of  normal 
olfactory  neuron  culture  media,  had  no  significant  effect  on 
longevity  of  olfactory  neuron  cultures  compared  to  control, 
non-conditioned  cell  cultures  in  the  observed  23  days.   This 
was  true  whether  the  media  was  conditioned  for  24  or  60  hr, 
or  whether  it  was  derived  from  either  whole  brain,  or  the 
isolated  olfactory  and  accessory  neuropils. 
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Morphology  of  Cell  Types  and  Neurite  Outgrowth 

Five  morphologically  distinct  types  of  "neuron-like" 
cells  could  be  defined  based  on  the  number  and  type  of 
processes:   (1)  soma  only,  (2)  bud,  (3)  unipolar, 
(4)  bipolar,  and  (5)  multiprocess  (Figure  2-3) .   Soma  only 
cells  were  spherical  in  shape  and  underwent  no  apparent 
process  formation.   Bud  cells  possessed  a  single  short 
process,  less  than  5  fim   long,  typically  3-4  jxm  wide,  which 
did  not  branch.   Unipolar  cells  bore  a  single  long  process, 
greater  than  75  ptm  in  length,  often  unbranched  and  thin. 
Bipolar  cells  always  possessed  two  equal  length  processes; 
the  majority  of  which  were  unbranched.   Multiprocess  cells 
produced  three  to  five  processes  that  were  prominently 
arborous  and  of  nonuniform  length  and  width.   In  all 
instances,  soma  diameters  ranged  from  8  to  16  /im  with 
processes,  when  present,  between  3  and  160  pirn  long.   In  all 
cultures,  larger,  "non-neuron-like"  cells  with  somata 
greater  than  20  /xm  in  diameter  were  also  observed  and 
comprised  approximately  5%  of  a  given  cultured  population. 
The  larger  cells  were  either  fusiform  or  flat  (Figure  2-3) . 
These  larger  cells  could  be  selectively  removed  by 
withholding  FCS  supplementation  for  12-24  hr  after  plating. 
E lee trophy siology 

All  smaller  cells  (8-16  j/m)  tested  were  electrically 
excitable;  voltage  elicited  a  transient  inward  current 
followed  by  a  sustained  outward  macroscopic  current,  which 


Figure   2-3.   The  morphology  of  cells  observed  in  lobster 
olfactory  cultures.   (A-E)   "Neuron-like"  cell  types, 
8-16  fim   in  diameter;  A)  soma  only,  B)  bud,  C)  bipolar, 
D)  multiprocess,  and  E)  unipolar.   (F-G)  "Non  neuron-like" 
cell  types,  greater  than  20  ^m  in  diameter;  F)  fusiform  and 
G)  flat.   Magnification  780X. 
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activated  concurrently  at  ca    -30  mV  (Figure  2-4) .   In  a 
population  of  50  cells  the  average  peak  amplitude  of  the 
voltage-activated  inward  and  outward  macroscopic  currents, 
when  the  cells  were  stepped  from  -60  (rest)  to  +30  mV,  was 
-322.3  ±  27.9  pA  (SEM)  and  756.9  ±  30.0  pA  (SEM) 
respectively.   The  ionic  basis  for  these  conductances  was 
not  determined.   In  contrast  to  the  smaller  diameter  cells, 
the  larger  (>  20  /xm)  cells  were  not  measurably  electrically 
excitable,  and  had  ohmic  current\voltage  relationships  over 
the  range  of  membrane  potentials  tested  from  -60  mV  to 
+3  0  mV  (n=  11) .   This  dichotomy  between  the  smaller  and 
larger  cells  was  mirrored  in  the  sensitivity  of  the  two 
types  of  cells  to  odors.   None  of  the  large  cells  tested 
responded  to  applied  odors  (n=  14) ,  whether  the  odor  was  a 
single  compound  or  the  complex  mixture  (TET) .   In  contrast, 
28  of  50  (56%)  smaller  cells,  each  tested  with  one  of  a 
variety  of  single  compounds  (taurine,  betaine,  ascorbic 
acid,  proline,  glycine,  cysteine,  AMP,  TMAO,  or  arginine) 
responded  with  either  an  inward  or  outward  current  (Figure 
2-5) .   The  collective  cell  population  did  not  all  respond  to 
the  same  single  compound.   The  latency  of  the  odor-evoked 
current  was  phase  locked  to  the  application  of  the  odor 
stimulus.   The  half -peak  duration  of  the  odor-evoked  current 
was  approximately  3  to  4  s.   Although  dose -response 
relationship  was  not  formally  tested  the  amplitude  of  the 
current  increased  with  concentration  over  the  range  of  10"6 


Figure   2-4.   Voltage-activated  currents  in  a  cultured  ORN. 
A)  Whole-cell  macroscopic  currents  under  voltage-clamp 
conditions.   The  cell  was  held  at  -60  mV  and  stepped  to 
+30  mV  in  10  mV  episodes.   B)  Note  that  the  IV  plot  of  the 
cell  displays  the  conductances  which  characteristically- 
activated  around  -3  0  mV  (  +  =  inward  current,   Q  =  outward 
current) .   All  cells  with  "neuron-like"  morphology  showed 
similar  IV  relationships. 
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Figure   2-5.   Response  of  cultured  ORNs  to  A)  a  1000X 
dilution  of  TET  extract  and  B)  10"3  M  glycine.   Control 
trace  for  each  cell  shows  the  response  to  a  L15  media  blank 
Holding  potential  =  -60  mV.   Arrow  =  start  of  120  msec 
odorant  pulse. 
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to  10"2M.   An  odor-evoked  current  could  be  distinguished 
from  background  noise  at  a  10"8M  odorant  concentration  in 
one  cell  tested  for  threshold.   Eight  out  of  ten  cells 
tested  (80%)  with  three  to  five  odors,  responded  to  at  least 
one  odorant.   None  of  these  cells  responded  to  all  five 
compounds;  typically  they  responded  to  only  one  or  two. 
When  cells  responded  to  more  than  one  compound,  the 
magnitude  of  the  response  varied  across  the  effective  tested 
compounds  and  also  between  different  cells  tested.   In  no 
instance  did  identical  application  of  only  culture  media 
from  one  barrel  of  the  stimulus  delivery  pipette  elicit  any 
measurable  current.   Similar  control  (flat)  traces  were 
recorded  when  the  picospritzer  pressure  was  turned  off,  and 
continuous  cell  baseline  current  was  monitored. 

Discussion 
Under  optimal  conditions  of  temperature;  humidity; 
osmolarity;  appropriate  substrate;  serum,  sugar,  vitamin, 
and  amino  acid  supplementation,  olfactory  neurons  could  be 
sustained  for  23  days  in  primary  culture,  with  continual 
neurite  outgrowth  during  this  period.   The  culture  consisted 
of  two  fundamentally  different  types  of  cells  that  could  be 
initially  classified  according  the  soma  diameter.   Based 
upon  their  selective  responsiveness  to  odors  and  current, 
the  smaller  diameter  cells  (8  to  16  /xm)  would  appear  to  be 
neurons.   Since  the  lobster  chemosensory  organ  is  almost 
exclusively  comprised  of  olfactory  receptor  cells  (Griinert 
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and  Ache,  1988) ,  the  cultured  system  is  developed  from  an 
enormously  enriched  starting  population  of  olfactory 
neurons,  with  proportionately  few  neurons  of  other  types 

(i.e.  non-olfactory  chemoreceptors  and  mechanoreceptors) . 
Given  an  average  of  350  receptor  neurons  per  soma  cluster 
and  an  average  of  15  soma  clusters  per  annulus  (Griinert  and 
Ache,  1988),  the  90  annuli  used  per  culture  should  yield 
472,500  neurons.   Based  upon  hemocytometer  counts,  I 
estimate  that  288,000  neurons  are  harvested  and  plated  per 
culture,  which  indicates  an  approximate  total  yield  of  61 
percent .   Some  loss  would  be  expected  from  mechanical 
dissociation,  pipette  transfer,  initial  AbAm  washes,  and 
removal  of  soma  clusters  from  connective  tissue  adjoining 
the  cuticle  during  isolation.   Based  upon  the  yield  alone, 
it  is  plausible  to  conclude  that  a  large  percentage  of  the 
small  cells  are  olfactory  neurons.   Further  evidence, 
however,  is  required  to  definitively  prove  that  these  cells 
originate  from  the  olfactory  (aesthetasc)  sensilla. 

Biologically  relevant  odors  for  aquatic  animals  are 
small  molecules  such  as  the  amino  acids  used  in  this  study 

(Carr  et  al . ,  1984) .   Since  many  of  these  molecules  also 
have  broad  biological  activity  on  cells  (Carr  et  al . ,  1984), 
a  systematic  study  of  odor  responsiveness  of  cultured  cells 
as  it  compares  to  that  of  cells  in   situ   is  necessary  in 
order  not  to  falsely  confuse  broad  action  of  these  molecules 
with  their  actions  as  odorants.   This  initial  test  of  odor 
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sensitivity  in  cultured  cells  does  demonstrate  a  degree  of 
selectivity.   Both  types  of  odor-evoked  currents  are 
recorded  in  culture  and  cells  display  odor  sensitivity  to  a 
wide  range  of  aquatic  stimuli;  single  odorants  as  well  as  a 
complex  mixture.   Although  onset  latency  and  duration  of 
response  cannot  be  strictly  compared  between  cultured  cells 
and  that  of  intact  non-cultured  cells,  due  to  the  different 
odorant  delivery  systems  required  for  each  type  of 
recording,  odor  response  kinetics  in  each  system  are 
qualitatively  similar  (Michel,  unpublished  data).   The 
cultured  cells  also  display  discrimination  properties 
exemplary  of  olfactory  neurons  in  as  much  as  the  magnitude 
of  evoked  current  is  concentration  dependent  and  currents 
are  not  evoked  by  every  stimuli  that  is  presented.   The 
percentage  of  total  cells  responding  to  a  single  presented 
odorant  is  greater  than  half;  a  percentage  which  increases 
as  cells  are  sequentially  presented  with  a  variety  of 
odorants  or  with  a  complex  mixture.   This  degree  of 
selectivity  to  odors  would  be  expected  if  the  substances 
were  activating  odor  receptors  and  not  receptors  for  some 
more  generalized  function,  such  as  modulation  of 
sensitivity.   These  data  suggest  that  each  cell  is 
responding  to  specific  odors  and  that  the  likelihood  of 
applying  the  appropriate  stimuli  increases  when  cells  are 
screened  with  a  number  of  compounds;  three  to  five  as 
opposed  to  just  one.   I  tentatively  conclude  that  the 
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"neuron-like"  cells  are  not  only  olfactory,  but  that  they 
retain  their  ability  to  respond  to  odor  compounds 
selectively. 

It  is  somewhat  surprising  that  only  poly-D-lysine 
provided  a  suitable  substrate  for  neurite  outgrowth  of  the 
olfactory  neurons.   Poly-D-lysine  was  found  to  be  inferior 
to  Con  A  or  uncoated  plastic  (Falcon  3001)  and  inferior  to 
uncoated  Primaria  dishes  (Falcon  3801)  or  polyornithine  for 
culturing  chicken  (Gonzales  et  al . ,  1985)  and  insect  (Stengl 
and  Hildebrand,  1990)  olfactory  receptor  cells, 
respectively.   Neonatal  rat  olfactory  cultures  maintained  on 
poly-D-lysine  also  displayed  poor  plating  efficiency 
(Ronnett  et  al . ,  1991).   Krenz  and  Fischer  (1988),  found 
only  40  to  50%  survival  of  crayfish  stomatogastric  ganglia 
neurons  when  plated  onto  poly-D-lysine.   Graf  and  Cooke 
(1990) ,  however,  did  find  extensive  neurite  outgrowth  of 
stomatogastric  neurons  from  lobster  or  crab  when  plated  onto 
poly-D-lysine,  but  they  also  found  cell  attachment  to 
uncoated  Primaria  dishes  (Falcon  3801) .   In  my  cultures, 
albeit  from  the  same  family  (lobster) ,  plastic  or  uncoated 
glass  substrates  prevented  attachment  of  cells  and  resulted 
in  cell  death.   One  could  argue  that  neurons  from  sensory 
organs  may  have  similar  substrate  requirements.   Little 
neurite  outgrowth,  however,  is  seen  in  retinal  ganglion  cell 
cultures  plated  onto  poly-D-lysine,  while  extensive 
networking  processes  develop  on  substrates  of  laminin  and 
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fibroblasts  (Drazba  and  Lemmon,  1990) .    While  minimal 
process  outgrowth  was  observed  in  neonatal  rat  olfactory- 
neurons  plated  on  poly-D-lysine,  significant  neurite 
outgrowth  was  obtained  when  laminin  was  applied  to  poly- 
ornithine  treated  slides  (Ronnett  et  al . ,  1991).   Although, 
in  my  cultures,  laminin  provided  the  highest  initial  plating 
density  in  terms  of  survival  of  total  number  of  cells  at 
2  hr  after  plating,  cells  failed  to  adhere  to  this  substrate 
and  subsequently  died.    My  observation  that  cells  died 
within  36  hr  if  they  did  not  adhere  to  an  appropriate 
substrate  and,  as  a  population,  extend  neurites,  is 
consistent  with  Cooke  et  al .  (1989)  findings  that  cultured 
crab  or  lobster  peptidergic  neurons  had  to  adhere  to  a 
substrate  for  support  and  outgrowth.   Thus,  the  optimal 
substratum  for  neuron  survival  and  process  outgrowth  is  not 
necessarily  genus  specific,  may  be  dependent  on  type  of 
nervous  tissue,  and  may  even  vary  among  neurons  cultured 
exclusively  from  different  sensory  organs. 

My  observation  that  supplementation  2  hr  after  plating 
yields  even  greater  cell  densities  than  if  supplied 
immediately  upon  plating,  suggests  that  an  initial  period  of 
neuronal -substrate  contact  without  FCS  may  be  important, 
perhaps  to  prevent  FCS- induced  aggregate  formation.   This 
finding  is  in  accordance  with  Sebben  et  al .  (1990)  who  find 
that  both  the  amount  and  timing  of  serum  introduction  are 
critical  factors  in  long-term  primary  cultures.   They  report 
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non-neuronal  cell  death  during  FCS  deprivation;  in  their 
work,  up  to  72  hours  after  plating.   Although,  in  my  system, 
selective  mortality  of  the  non-neuronal  cells  could  be 
achieved  only  after  24  hours,  it  was  not  necessary  to 
achieve  my  goals  with  lobster  antennular  cultures.   The 
larger  non-neuronal  cells  only  comprised  about  5%  of  a  given 
culture,  did  not  proliferate  to  confluency  to  affect 
survival  of  the  smaller,  neuronal  cell  types,  nor  did  their 
presence  interfere  with  my  electrophysiological 
measurements . 

While  clotted  lobster  serum  (haemolymph)  provided  an 
excellent  substrate  in  terms  of  survival  and  neurite 
extension,  it  was  not  conducive  to  electrical  recordings. 
Serum  and,  presumably,  proteins  in  the  haemolymph  substratum 
interfered  with  the  formation  of  high  resistant  gigaohm 
seals  required  for  patch-clamp  recordings.   In  contrast  to 
cells  cultured  with  FCS,  which  could  be  rinsed  with  serum- 
free  L15  media  prior  to  recording  to  alleviate  this 
difficulty,  haemolymph  could  never  be  sufficiently  washed 
from  cell  surfaces. 

Many  sensory  neurons  have  the  biological  requirement 
for  nerve  growth  factor  (NGF)  which  regulates  survival, 
development,  and  maintenance  of  these  neurons  in  vertebrate 
systems  (Johnson  et  al . ,  1986;  Lindsay  et  al . ,  1990;  and 
Paves  et  al . ,  1990).   The  fact  that  NGF-7s  had  no 
significant  effect  on  longevity  or  neurite  outgrowth  could 
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be  explained  by  the  fact  that  the  cells  were  always  serum 
supplemented.   FCS  has  many  undetermined  neurotrophic 
factors  which  could  sustain  olfactory  neurons  in  culture. 
Hence,  any  additional  effect  (increased  longevity,  neurite 
outgrowth,  or  electrical  excitability)  from  NGF-7s  might 
have  been  masked  by  factors  contained  in  the  FCS. 

There  are  many  conceivable  reasons  why  cultures  derived 
from  tissues  of  recently  captured  animals  survived  up  to 
twice  as  long  as  those  derived  from  animals  held  in 
captivity  for  8  weeks  or  more.   The  animals  may  not  have 
been  as  healthy  as  those  in  their  natural  environment,  even 
though  food  quality,  water  turnover,  and  cleanliness  of 
aquaria  were  carefully  monitored.   Certainly,  other 
researchers  studying  various  aspects  of  olfaction  (as  well 
as  those  in  my  home  laboratory)  have  discovered 
desensitization  of  neurons  in  catfish  and  salamander  when 
animals  were  held  for  as  little  as  2  weeks  (Caprio  and 
Firestein,  pers .  comm.) . 

While  the  remaining  tested  parameters  collectively 
improved  longevity,  individually,  no  single  factor  appeared 
pivotal  for  cell  survival.   The  optimal  osmolarities  (965, 
989,  and  1082  mOsm)  were  congruous  with  the  measured 
osmolarity  (1079  mOsm)  of  haemolymph.   The  temperature  which 
gave  the  greatest  cell  survival  (24°C)  ,  was  lower  than  the 
reported  optimal  environmental  temperature  for  this  species 
(29-30°C;  Lellis  and  Russel,  1990) .   Since  the  above  cited 
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study  was  based  largely  on  behavioral  repertoire,  frequency 
of  molting,  and  growth  rate;  and  the  variation  found  between 
tested  temperatures  using  these  indices  was  minimal  (95%  to 
99%  survival  within  a  temperature  range  of  25  to  29°C, 
respectively) ,  the  actual  temperature  optima  for 
physiological  processes  in  culture  may  not  precisely 
coincide.   The  requirement  for  high  humidity  may  have  acted 
indirectly  by  preventing  changes  in  osmolarity,  although  at 
less  than  saturated  humidity  evaporative  losses  were 
minimal .   Measured  osmolarity  change  in  media  over  any  one 
week  in  time  was  no  more  than  20-30  mOsm  at  60-80% 
saturation.   There  appeared,  then,  to  be  a  broad  range  of 
suboptimal  conditions  (Figure  2-2)  which  were  suitable  for 
cell  maintenance  but  not  for  any  apparent  new  growth 
(indexed  by  neurite  extension) . 

In  one  of  the  two  other  reports  in  which  dissociated 
crustacean  neurons  were  cultured  (Cooke  et  al . ,  1989;  Graf 
and  Cooke,  1990),  outgrowth  was  observed  in  a  simple  medium 
of  only  physiological  saline  and  glucose.   Although  both  my 
work  and  theirs  used  cells  from  congeneric  lobsters,  the 
type  of  neurons  cultured  in  each  study  differed.   Secretory 
neurons  from  the  X-organ-sinus  gland  (Cooke  et  al . ,  1989) 
may  be  able  to  use  existing  membrane  from  stored  granules  to 
actively  synthesize  proteins  or  regulate  transport 
mechanisms  for  immediate  neurite  outgrowth.   Lobster 
olfactory  neurons,  in  contrast,  while  not  requiring 
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preconditioned  media,  had  a  strong  dependence  (among  other 
noted  factors)  on  neurotrophic  factors  supplied  in  serum  or 
haemolymph.   The  regenerative  nature  of  olfactory  neurons, 
as  primary  receptor  neurons,  may  require  the  strict  presence 
of  specific  physiological  factors  for  continual  neurite 
outgrowth,  and  subsequent  viability  in  culture.   My  findings 
appear  to  be  more  analogous  to  the  other  reported  work  on 
crustacean  neuron  cultures,  that  of  Krentz  et  al .  (1990)  who 
also  found  serum  supplementation  (5-10%  FCS)  necessary  for 
sustained  growth. 

Although  appropriate  target  organs  have  been  known  to 
influence  proliferation  and  direction  of  neurite  outgrowth 
in  culture  (Coughlin,  1975;  Pollack  et  al . ,  1981),  this 
appears  not  to  be  the  case  for  growing  olfactory  neurons  of 
rat  and  chicken  (Gonzales  et  al . ,  1985),  or  of  the  lobster, 
since  lobster  olfactory  neuron  cultures  can  be  sustained 
without  the  presence  of  the  lobes  and  preconditioned  media 
had  no  affect  on  viability  or  neurite  outgrowth.   This 
finding  is  in  contrast  to  cultured  insect  olfactory  receptor 
neurons  that  have  been  reported  to  fail  within  2d  in  the 
absence  of  conditioned  media  (from  either  non-neuronal 
antennal  cells,  extracellular  fluid  from  antennae,  or  from 
the  hormone  2  0-hydroxyecdysone)  (Stengl  and  Hildebrand, 
1990) .   It  is  possible  that  the  insect  olfactory  neurons 
have  more  rigid  culture  requirements  than  that  of  rat, 
chicken,  or  lobster,  since  the  latter  systems  were  developed 
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from  differentiated  adult  cells  and  not  embryonic  cells,  as 
was  the  case  for  the  insect.   In  intact  organ  cultures  or  in 
large  transplants  of  olfactory  organs  (Morrison  and  Monti 
Graziadei,  1983),  however,  appropriate  targets  may  be 
influential  in  promoting  olfactory  neuron  growth.   Perhaps, 
the  culture  systems  of  the  rat,  chicken,  and  lobster  may 
have  not  allowed  sufficient  cell-cell  interaction  for 
targets  to  be  effective,  since  they  were  all  plated  at  low 
density  (range  3  x  105  to  1  x  106  cells/ml) . 

Two  recent  culture  systems  of  rat  olfactory  receptor 
cells,  one  a  continual  clonal  cell  line  from  olfactory 
epithelium  (Coon  et  al . ,  1989)  and  another  of  isolated 
olfactory  neurons  (Ronnett  et  al . ,  1991)  show  increased  cAMP 
levels  in  response  to  odor  stimulation,  but  being  based  on 
biochemistry  and  not  electrophysiological  recordings,  did 
not  give  information  on  the  odor  specificity  of  single 
cells.   The  high  survival,  electrical  excitability,  and  odor 
responsiveness  that  I  find  in  cultures  of  single  lobster 
olfactory  receptor  cells  has  also  been  reported  in  monolayer 
cultures  of  isolated  rat  olfactory  tissue  (Pixley  and  Pun, 
1990) .   Identical  to  cultured  lobster  olfactory  neurons, 
neurons  from  rat  evoke  a  fast  inward  current,  followed  by  an 
outward  current,  when  depolarized  to  -30  mV.   Upon 
application  of  odorant  mixtures  (single  compounds  were  not 
tested) ,  rat  olfactory  neurons  produced  only  inward  current 
under  voltage-clamp  conditions  (Pixley  and  Pun,  1990)  .   In 
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contrast,  cultured  lobster  olfactory  neurons  produced  either 
outward  or  inward  currents  in  response  to  odorant  mixtures 
and  to  single  compounds;  a  finding  that  presumably 
corresponds  to  the  previously  noted  depolarizing  and 
hyperpolarizing  receptor  potentials  in  lobster  olfactory 
receptor  cells  in   situ    (McClintock  and  Ache,  1989b) .   This 
may  imply  a  functional  difference  between  lobster  and  rat 
olfactory  cells  in  their  ability  to  produce  currents  of  both 
polarities,  but  it  may  also  reflect  the  limited  set  of  odors 
tested  on  the  rat  olfactory  neurons.   Odor-evoked  decreases 
in  action  potential  frequency  that  may  reflect  an  underlying 
outward  current  have  been  reported  in  olfactory  receptor 
cells  in  another  vertebrate  (Dionne,  1990) . 

Panulirus   argus   olfactory  receptor  neurons  can  now  be 
considered  among  a  small,  yet  growing  number  of  culturable 
crustacean  cells.   More  importantly,  they  join  a 
phylogenetically  diverse  group  of  olfactory  receptor  neurons 
that  can  maintain  odor  sensitivity  in  culture.   Since 
lobster  olfactory  receptor  cells  in  culture  are 
morphologically  compact,  it  should  be  possible  to  obtain  an 
effective  space-clamp  for  recording  odor-activated  currents; 
drug  introduction  and  incubation  periods  can  be  simplified 
and  extended,  respectively.   Moreover,  the  cells  are 
directly  accessible  for  electrophysiological  recordings.   In 
light  of  these  technical  benefits,  the  cultured  system 
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should  provide  a  useful  model  for  future  studies  of 
olfactory  transduction  as  exemplified  in  Chapters  3  to  7 . 


CHAPTER  3 
ODOR  SENSITIVITY  IS  NOT  DEPENDENT  ON  PROCESS  FORMATION 

Introduction 
The  small  size  and  thin,  elongated  morphology  of 
olfactory  receptor  neurons  (ORNs)  was  long  an  impediment  to 
understanding  olfactory  transduction.   The  advent  of  patch- 
clamp  recording  ameliorated  this  situation  and  facilitated 
progress  toward  understanding  olfactory  transduction 
(reviews:  Anholt,  1991;  Firestein,  1991).   Central  to  this 
effort  has  been  the  ability  to  dissociate  ORNs  from  their 
surrounding  epithelium  in  order  to  study  them  directly  or  in 
sustained  primary  culture.   Dissociated  ORNs  are  not  only 
accessible  for  patching,  they  often  assume  a  more  compact 
form  than  their  counterparts  in   situ   that  allows  a 
reasonable  space  clamp  and  facilitates  diffusion  of  membrane 
impermeant  probes  from  the  electrode  to  the  site  of 
transduction.   While  transduction  is  thought  to  occur  in  the 
cilia  (outer  dendrites,  in  invertebrates)  of  the  ORNs  (e.g., 
Kurahashi,  1989;  Firestein  et  al . ,  1990;  Lowe  and  Gold, 
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1991) ,  at  least  some  elements  of  the  transduction  cascade 
are  not  confined  to  the  cilia.   Specifically,  cAMP-gated 
cation  channels  that  are  the  effectors  in  the  transduction 
cascade  in  amphibian  ORNs  also  occur  on  the  dendrite  and 
soma  of  the  cells,  although  in  lower  densities  than  on  the 
cilia  (Firestein  et  al . ,  1991;  Zufall  et  al . ,  1991a). 
Indeed,  this  variability  in  density  was  exploited  to  obtain 
favorable  channel  density  for  recording  (ibid.) . 

Previously,  in  Chapter  2,  preliminary  evidence  was 
reported  that  cultured  lobster  ORNs  respond  to  odors 
independently  of  whether  the  cells  had  sprouted  processes. 
This  observation  raises  the  interesting  possibility  that,  in 
vitro,    all  elements  of  the  transduction  cascade  may  be 
expressed  and  inserted  into  the  soma  of  ORNs  prior  to  or 
independent  of  process  formation.   Given  the  ease  of 
patching  the  soma  compared  to  the  extremely  thin  cilia 
(outer  dendrites)  and  the  ability  to  culture  ORNs  in 
vertebrates  (Coon  et  al . ,  1989;  Pixley  and  Pun,  1990;  Calof 
and  Chikaraishi,  1991;  Ronnett  et  al . ,  1991)  and  other 
invertebrates  (Stengl  et  al . ,  1989;  Zufall  et  al . ,  1991b), 
such  a  phenomenon  could  be  of  general  utility  for  studying 
olfactory  transduction. 

Without  the  normal  polarity  of  the  cell,  however,  it 
must  be  established  that  applied  "odors"  are  activating  what 
would  otherwise  be  ciliary  (dendritic)  chemoreceptors .   The 
need  to  establish  the  adequacy  of  odor  stimuli  is 
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particularly  important  when  studying  ORNs  from  aquatic 
animals  such  as  fish  and  lobsters.   Adequate  olfactory 
stimuli  for  many  aquatic  animals  are  the  blood-born 
components  of  prey,  compounds  such  as  amino  acids,  amines 
and  nucleotides  (review:  Carr,  1990) .   These  types  of 
compounds  could  be  expected  to  activate  cells  as 
neurotransmitters  or  neuromodulators.   In  order  to  establish 
the  utility  of  cultured  lobster  ORNs  for  analysis  of 
transduction  mechanisms,  I  will  in  this  chapter,  provide 
functional  evidence  that  cultured  lobster  ORNs  with  no  or 
varying  numbers  of  processes  are  morphologies  of  the  same 
type  of  cell  and  that  the  odor-evoked  properties  of  the 
cultured  cells  reflect  those  of  lobster  ORNs  in   situ. 

Methods 
Tissue  Culture 

The  distinct  clusters  of  the  ORNs  were  dissected  from 
the  aesthetasc  (olfactory)  sensilla  on  the  lateral 
antennular  filament  (olfactory  organ)  of  adult  specimens  of 
the  Caribbean  spiny  lobster,  Panulirus  argus .      The  clusters 
were  enzymatically  dissociated,  and  the  resulting  cells 
sustained  in  primary  culture  as  described  previously 
(Chapter  2) .   Briefly,  the  isolated  clusters  were  incubated 
for  50  min  at  80  rpm  on  an  orbital  shaker  in  0.2  micron 
filter-sterilized  solution  of  2.5  mg  papain  and  12  mg  L- 
cysteine  in  10  ml  Panulirus   saline  (PS)  containing  1% 
penicillin,  streptomycin  sulfate,  and  amphotericin  B 
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(Gibco) .   Proteolytic  digestion  was  stopped  by  replacing  the 
enzyme  solution  with  low  glucose  L-15  media  supplemented 
with  L-glutamine,  dextrose,  fetal  calf  serum,  and  BME 
vitamins.   Cells  were  immediately  plated  on  poly-d-lysine- 
coated  glass  coverslips.   Cells  were  maintained  at 
saturation  humidity  in  a  modular  incubator  chamber  (Billups- 
Rothenberg)  at  24°C.   Neurite  outgrowth  in  individual  cells 
was  recorded  on  a  TL  Panasonic  6050  time-lapse  video 
cassette  recorder.   Images  were  later  captured  and 
subsequently  analyzed  using  Image  1  analysis  software. 
Electrophysioloqy 

Voltage-  and  odor-activated  currents  were  recorded  in 
the  whole-cell  configuration  with  an  integrating  patch-clamp 
amplifier  (Dagan  3900) .   The  analog  signal  was  filtered  at 
5  kHz  and  digitally  sampled  every  4  msec.   Data  acquisition 
and  subsequent  storage  and  analysis  of  the  digitized  records 
were  done  with  pCLAMP  software  (Axon  Instruments) .   Cells 
were  viewed  at  40X  magnification  with  Hoffman  optics.   Patch 
electrodes,  pulled  from  1.8  mm  O.D.  borosilicate  glass,  were 
fire  polished  to  a  tip  diameter  of  approximately  1.0  /xm 
(Bubble  number  4.8;  Mittman  et  al . ,  1987).   High  resistance 
seals  (8.0  to  14  GQ)  were  formed  by  applying  gentle  suction 
to  the  lumen  of  the  pipette  upon  contact  with  the  cell.   In 
all  experiments,  cells  were  voltage-clamped  at  a  holding 
membrane  potential  of  -60  mV.   Membrane  resistance  changes 
were  determined  by  injecting  current  sufficient  to  elicit 
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30  mV,  300ms  hyperpolarizing  voltage  steps  into  the  cells 
from  the  holding  potential.   Each  cell  was  photographed  to 
allow  correlation  of  soma  size,  length  of  process,  and  cell 
morphology  with  physiological  properties. 
Odor  Stimulation 

Odors  were  "spritzed"  on  the  cells  for  120  msec  from  a 
7  barrel  (6  barrels  used)  glass  micropipette  (Frederick 
haer)  coupled  to  a  pressurized  valve  system  (Picospritzer , 
General  Valve) .    In  most  trials,  one  randomly  selected 
barrel  was  filled  with  fluorescein  to  permit  positioning  of 
the  tip  of  the  pipette  relative  to  the  cell  and  to  assure 
that  the  delivered  odorant  completely  surrounded  the  cell 
and  its  associated  processes.   The  magnitude  of  the  response 
to  odors  was  determined  to  be  independent  of  which  of  the 
six  barrels  contained  the  odor.   Dilution  of  the  odor 
between  the  pipette  and  the  cell  surface,  an  average 
distance  of  two  cell  diameters,  was  estimated  to  be 
approximately  9%,  based  on  the  calculated  K+  permeability 
method  of  Firestein  and  Werblin  (1989) .   Odor  concentrations 
are  reported  as  the  pipette  concentration  and  are  not 
corrected  for  this  dilution. 

The  odors  used  were  solutions  of:   (1)  an  equimolar 
mixture  that  included  (10"3M) :   betaine,  glycine,  lactic 
acid,  taurine,  and  trimethylamine  oxide,  referred  to  as  S-l; 
(2)  an  aqueous  extract  of  TetraMarin,  a  commercially 
available  fish  food,  prepared  as  described  earlier 
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(Schmiedel -Jakob  et  al . ,  1990)  and  diluted  1000  fold, 
referred  to  as  TET;  and  (3)  single  substances  known  to  be 
effective  odors  for  the  lobster,  which  included  (10"3M) : 
adenosine  monophosphate  (AMP),  arginine,  ascorbic  acid, 
betaine,  cysteine,  glycine,  histamine,  proline,  taurine,  and 
trimethylamine  oxide  (TMAO) .   All  odorant  solutions  were 
prepared  daily  in  modified  L15  media  and  applied  at  the 
stated  concentration,  unless  otherwise  noted. 

The  number  of  different  odors  that  stimulated  a  given 
cell  (the  response  spectrum)  was  quantified  using  the 
breadth  of  responsiveness  metric  of  Smith  and  Travers 
(1979) .   Here,  the  breadth  of  responsiveness  (H)  is  defined 
as 


H  =   -K  x  ^  PiLogPi 


'  =  0 

where  K  =  a  proportionality  constant,  n  =  the  number  of 
odors  tested,  px  =  |  pA |  the  absolute  current  (pA)  elicited 
from  the  nth  odor  and  expressed  as  a  proportion  of  total  pA 
elicited  from  all  odors. 
Solutions 

Panulirus   saline  (PS)  consisted  of  (in  mM)  458  NaCl , 
13.4  KCL,  9.8  MgCl2,  13.6  CaCl2,  13.6  Na2S04,  3  HEPES,  and  2 
glucose;  pH  7.4.   Modified  L15  Media  consisted  of  50  ml 
Liebowitz  L15  Stock,  50  ml  of  1 . 6X  normal  concentration  of 
PS,  0 . 6g  dextrose,  0.026  g  L-glutamine,  and  0.01%  gentami- 
cin.   The  patch  electrode  solution  consisted  of  (in  mM) 
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30  NaCl,  11  EGTA,  10  HEPES,  1  CaCl2/  180  K-acetate,  and  696 
glucose;  pH  7.0.   All  salts  were  obtained  from  Sigma. 

Results 
Morphology:  Neurite  Outgrowth 

The  cultures  consisted  largely  of  the  five 
morphological  types  of  small  (8-16  /xm  diameter  soma) 
"neuron-like"  cells,  described  previously  (Fadool  et  al . , 
1991b) :   (1)  soma  only,  (2)  soma  with  bud,  (3)  unipolar, 
(4)  bipolar,  or  (5)  multiprocess,  four  of  which  were  used  in 
the  present  chapter  (Figure  3-1A) .   The  processes  ranged 
from  3  to  160  /zm  long.   Each  of  the  four  morphological  types 
were  present  as  early  as  two  hours  post-plating.   Initially, 
the  predominant  form  was  "soma  only",  but  the  proportion  of 
each  morphological  type  changed  over  time;  the  relative 
proportion  of  cells  lacking  processes  decreased,  with  a 
concomitant  increase  in  the  proportion  of  cells  with 
processes  (Figure  3-1B) .   To  distinguish  whether  the  change 
in  the  relative  proportion  of  the  morphological  types 
reflected  selective  loss  of  cells  lacking  processes  or 
process  proliferation,  or  both,  218  "soma  only"  cells  were 
followed  individually  with  digital  time-lapse  imaging  for 
three  consecutive  days  starting  2  hr  after  plating. 
Forty-two  (20%)  of  the  cells  died  within  the  observation 
period,  indicating  that  selective  loss  of  "soma  only" 
contributed  to  the  change  in  the  relative  proportion  of  the 
cell  types.   While  many  of  the  176  cells  that  persisted 


Figure  3-1.   A)  Light  micrographs  of  four  morphs  of  cultured 
lobster  ORNs  observed  under  Hoffman  modulation  contrast 
optics,  (a)  soma  only,  (b)  unipolar,  (c)  bipolar, 
(d)  multipolar.   Magnification  780X.    B)  Changes  in  the 
proportion  of  the  four  morphs  over  9  days  in  culture.   Each 
data  point  represents  the  incidence  of  that  morph  in  10 
random  fields  of  view,  expressed  as  a  percentage  of  all  four 
types . 
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failed  to  sprout  processes,  61  of  the  cells  sprouted 
processes  throughout  the  observation  period,  becoming  uni-, 
bi-  and,  eventually,  multipolar.   The  latter  finding 
supports  my  contention  that  the  four  morphological  types  of 
"neuron- like"  cells  were  morphs  of  a  single  type  of  cell. 
Physiology:  Electrical  Properties 

That  the  four  types  of  "neuron-like"  cells  were  morphs 
of  a  single  type  of  cell  was  supported  by  the  finding  that 
268  cells  tested  for  their  current -voltage  relationship  had 
similar  voltage-activated  properties.   The  total  membrane 
current  evoked  in  a  typical  cell  by  depolarizing  voltage- 
steps  consisted  of  a  transient  inward  current  (<  570  //sec 
duration)  that  activated  around  -30  mV,  followed  by  a  much 
larger,  prolonged  outward  current  that  activated  around 
-20  mV  and  persisted  with  little  decay  throughout  the 
15  msec  duration  of  the  pulse  (Figure  3-2A) .   The  magnitude 
of  the  inward  and  outward  currents  was  independent  of  the 
number  of  processes  on  the  cell  (ANOVA,  p  =    0.47  -  inward 
currents  and  p   =    0.71  -  outward  currents)  (Figure  3-2B) .   A 
subsample  of  12  cells,  including  at  least  one  cell  of  each 
morphological  type,  had  a  mean  input  resistance  (RN)  at  rest 
of  1.1  +  0.2  GQ  and  a  membrane  time  constant  (t0)  of  67.3  ± 
11.3  msec.    No  detectable  equalizing  time  constant  could  be 
measured  in  any  of  the  morphs,  including  morphs  with 
multiple  processes. 


Figure  3-2.  Total  voltage-activated  currents  of  cultured 
lobster  ORNs . 

A)  Representative  current-voltage  relationship  of  one  cell. 
■  =  inward  current,  +  =  outward  current.   Inset: 
Macroscopic  currents  (upper  traces)  evoked  by  depolarizing 
voltage-steps  (lower  traces)  when  the  cell  was  held  at 
-60  mV  and  stepped  to  +30  mV  in  10  mV  episodes.   Records  are 
not  leak  subtracted.    B)  Plot  of  the  maximum  amplitude 
(mean  ±  SEM)  of  the  inward  (striped  bars)  and  outward  (solid 
bars)  currents  of  268  cells  grouped  according  to  number  of 
processes  (n=68  soma  only,  76  unipolar,  69  bipolar,  55 
multiprocess) . 
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Physiology:   Response  to  Odors 

472  cells  (including  cells  tested  above  for  their 
electrical  properties)  were  tested  for  their  ability  to 
generate  a  current  in  response  to  stimulation  with  one  to 
five  different  odors.   The  odor  arrays  usually,  but  not 
always,  included  the  complex  mixture,  TET.   Sixty- four 
percent  of  the  cells  tested  responded  to  at  least  one  odor. 
This  percentage  increased  to  89%  when  the  cells  could  be 
tested  with  at  least  three  different  odors  (n=182) .   Odors 
evoked  a  transient  current  that  rose  to  a  maximum  over 
several  hundred  msec  and  subsequently  declined  more  slowly 
to  rest  (Figure  3-3) .   The  current  could  be  of  either 
polarity,  depending  on  the  cell  and  the  odor  tested,  and 
different  odors  could  evoke  currents  of  opposite  polarity  in 
the  same  cell  (Figure  3-3) .   In  cells  that  could  be  tested 
with  at  least  three  different  odors  (n=182) ,  the  odors  that 
were  tested  evoked  only  inward  currents  in  48  cells  (26%) , 
only  outward  currents  in  58  cells  (32%)  and  currents  of  both 
polarities  in  56  (31%)  cells.   The  remaining  11%  of  the 
cells  did  not  respond  to  any  of  the  odors  tested. 

Odor-evoked  currents  of  both  polarities  were  associated 
with  an  increase  in  membrane  conductance,  as  indicated  by  a 
decrease  in  input  resistance,  when  hyperpolarizing  voltage- 
steps  were  injected  into  the  cells  prior  to  and  during  odor- 
stimulation  (Figure  3-4) .   The  input  resistance  (RN) 
decreased  significantly  under  odor  stimulation  from  a  mean 
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Figure  3-4.  Whole-cell,  voltage-clamp  recordings  from  a 
cultured  lobster  ORN  showing  increased  conductance 
associated  with  the  odor-stimulated  inward  current. 
A)  Neither  current  (upper  trace)  nor  change  in  conductance 
(lower  trace)  was  evoked  by  stimulating  (arrow)  with  culture 
media  control.   B)  Inward  current  (upper  trace)  associated 
with  an  increase  in  conductance  (lower  trace)  was  evoked  by 
stimulating  with  TET.   Holding  potential,  -60  mV.   Solid 
bars  denote  30  mV,  300  msec  hyperpolarizing  voltage  pulses 
used  to  monitor  membrane  conductance. 
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of  1.1  ±  0.1  to  0.7  ±  0.1  GQ  for  the  inward  current  (n=8) 
and  from  a  mean  of  1.3  ±  0.6  to  0.7  +  0.1  GQ  for  the  outward 
current  (n=4)  (paired  t-test,  p   <  0.05).   Concomitantly,  the 
membrane  time  constant  (t0),  decreased  significantly  during 
odor  stimulation  from  59.6  ±  12.6  to  21.6  +  4.1  msec  for  the 
inward  current  (n=14)  and  from  82.5  ±  20.7  to  34.6  ±  9.5 
msec  for  the  outward  current  (n=7) (paired  t-test,  p   <  0.05) . 

The  latency  to  the  onset  of  the  odor-evoked  currents, 
measured  from  the  activation  of  the  spritzer,  ranged  from 
<20  msec  to  >  1  sec,  but  typically  was  <100  msec  (Figure 
3-5) .   Overall,  the  mean  latency  to  onset  for  the  inward 
current,  186.2  +  31.3  msec  (n=100) ,  was  significantly  longer 
than  that  for  the  outward  current,  81.0  ±  10.6  msec  (n=121) 
(f  Statistic,  p   <  0.05) .   To  determine  if  this  difference 
was  possibly  driven  by  between  cell  variation,  I  performed  a 
paired  comparison  of  the  latency  in  19  cells  that  supported 
odor-evoked  currents  of  both  polarities.   The  mean  latency 
in  these  cells  for  the  inward  current  was  not  significantly 
longer  than  that  for  the  outward  current  (paired  t-test, 
p  <  0.05)  . 

The  peak  amplitude  of  odor-evoked  currents  of  both 
polarities  increased  with  the  concentration  of  the  odor  and 
saturated  over  3-4  orders  of  magnitude  (Figure  3-6) .   The 
mean  slope  of  the  concentration-response  function  in  the 
steepest  region  of  the  curve  was  8.3  ±  1.7  pA/decade  (n=3) 
for  the  inward  current  and  1.3  ±  0.2  pA/decade  (n=7)  for  the 


3 

O 

V 

iH 

u 

rH 

rd 

03 

a 

3 

•H 

JJ 

3 

3 

0) 

co 

0 

O- 

1 

-U 

O 

C 

~— 

<u 

CQ 

u 

(H  TS 

u 

03 

rH 

3  XI 

03 

u 

3 

n 

C 

n 

■rH 

-H 

CD    rH 

X 

0 

CU 

0 

CO  Xi 

> 

JJ 

(D 

•- 

1 

, . 

4-1 

Jh 

o 

0 

0 

o 

T3 

rH 

JJ 

0 

II 

cu 

c 

CQ 

4-1 

•— ' 

a 

0 

CO 

0 

>i4J 

0 

U 

c. 

4J 

c 

cu 

• 

0) 

rH 

>1    > 

JJ 

rH 

U  H 

(C 

3 

C 

0) 

rH 

u 

0) 

> 

JJ 

-H 

<U  T 

03 

J-) 

£! 

rH   rH 

u 

jJ 

CO 

cu 

3 

a 

a 

4-1 

C. 

03 

CO 

0 

-H 

0) 

cu 

E 

rH 

G 

- 

0 

CO 

cu 

» 

■H 

r-l    X 

CO 

4-) 

03 

-U 

4J 

3  X 

3 

X 

cu 

OJ 

-H 

T3 

j-) 

rH 

Sh 

CU 

0 

Sh 

4J 

cu  c 

3 

CO 

-rH 

cu 

U 

•H 

5h  T3 

T) 

JJ 

,— . 

00 

CO 

3 

(U 

3 

0 

x; 

0 

'rH 

4-1 

• 

in 

Sh 

CO 

u 

fO 

4-1 

s  < 

0 

Ctf 

X3 

O 

CU 

JJ 

• 

H 

0 

5-1 

—. 

H 

rH 

cu 

rH 

•rH 

Dj 

4J 

CN 

4-1 

CO 

H 

X 

II 

• 

0 

C  T3 

L/1 

1 

r-i 

u 

03 

ro 

T3 

CO 

3 

0) 

JJ 

JJ 

CU 

rH 

3 

=1 

Sh 

3 

cu 

0 

3 

4J 

rH 

01  rH 

rH    T3 

-rH 

3 

3 

3 

fc 

u 

u 

03 

83 


o 
o 

-C\J 


re? 
ES 
ES 


KSSSSSSSSSSS 


rereW 


IVvVAS 


SS3 


f>wAVvv.VAV^ 


-o 


vwv\.\vaw 


isyawwvS 


o 
-o 


O 

CD 
if) 


> 

O 


VWWWWWVWWWWWWWV 


C\\\\VAVA\VA\\\^ff      SH^H^HS^H^B 


o 
o 

CO 

c 

CD 

■4— ' 

03 

_l 

o 

o 

C\J 

■+- ' 

CD 

en 

c 

o 

O 

-o 


XXXXXVVVXVXVXVVVVXVXXVXXVVVVVXVVXVVVVVV 


-o 


o 

CO 


LO 

C\J 


o 

C\J 


LO 


LO 


SU0j}EAJ8Sq0  |E}01  i°  lU80J8d 


0) 

CU 

JJ 

u 

0) 

c 

1 

>i  0'  ■  ■ 

0) 

0)  X! 

a  £ 

rH 

. 

rH 

-H 

4J 

u 

a 

0  T3  T3 

3 

3 

XI 

0)   rH 

c 

u 

0 

S  >: 

0 

•H 

X 

0 

a 

T3 

CO 

• 

, — . 

> 

TJ 

H 

rH 

<C 

0) 

(U 

re 

CO 

O 

. 

JJ 

3 

a 

TS 

B 

0) 

•H 

jj 

0 

O 

• 

pe! 

c 

U 

3 

•H 

en 

O 

-H 

•H 

0 

JJ 

2 

E3 

rH 

rH 

re 

Pi 

u 

0 

CU  J. 

H 

f*l 

o 

CU 

H 

ro 

JJ 

o 

JJ 

O, 

.—» 

0) 

c 

rH 

h 

CO 

2 

Cu  CU 

<U  XI  4-1 

W 

0 

>i 

4J 

0 

O 

en 

0) 

a  & 

00 

1— 1 

X 

0 

XI 

CO 

+1  4- 

O  T 

0  TS 

c 

CU 

rH 

CU 

0 

X 

4H 

cu  i 

u 

•H 

■ — ' 

O  X 

0 

TD 

0 

JJ 

JJ 

> 

CU 

JJ 

fC 

JJ 

JJ 

cu 

rH 

r— 1 

H 

c 

0 

JJ 

3 

3 

JJ 

CU    rH 

re 

jj 

JJ 

u 

c 

rH 

a. 

rC 

rH 

CU 

H 

CU  X 

3 

<fl 

U 

3 

. — . 

c 

JJ 

o 

c 

o 

u 

■H 

c 

0 

rH 

0 

4-H 

■H 

U  T 

0 

JJ 

0 

rH 

• 

rH 

CO 

CD  rC 

c 

CmTI 

en 

J-l 

G 

3 

3 

CU 

V 

c 

•H 

C 

O 

>,  N 

•H 

CU 

CO 

•H 

X  X) 

•H 

4J 

M 

re 

CQ 

rH 

co 

rH 

(U  M 

CO 

re 

-H 

3 

u 

re 

CO 

rH 

E 

U 

U 

0 

cu 

C 

rH 

rH 

0) 

<u 

Dh  0 

CU 

0 

JJ  TS  T3 

•H 

u 

c 

U 

u 

QJ 

JJ 

(U 

(0  X!  X! 

re 

u 

CU 

rH 

3 

jj 

jJ 

rH 

CU 

rH 

ft! 

u 

-H 

JJ 

X! 

re 

X 

3 

3 

4-J 

c 

JJ 

U 

0 

^_^ 

0 

CU 

o 

0 

a 

CU 

4H 

3 

4-) 

c 

CU  T 

m 

0 

0 

0 

0 

CU 

c 

c 

rH   rH 

u 

rH 

re 

0 

en 

rH 

Cm 

x 

CX.  Cn  as 

cu 

JJ 

CQ 

CO 

C 



*~* 

X 

CU 

•rH 

CQ 

JJ 

c 

c 

rH  T 

■H 

-H 

rH 

<—i 

JJ 

<u 

0 

CU 

. 

re  T 

CO 

CD 

U 

u 

> 

CU 

0) 

0 

CU 

E 

CU 

JJ  T5 

Q 

U 

CU 

c 

-H 

3 

X 

o 

■H 

CJ 

JJ 

QjJJ 

U3 

rH 

-H 

■H 

E 

1 

3 

rH 

c 

. 

cc 

01 

re 

CU 

Cn 

^0 

rH 

c 

- 

JJ 

re 

i 

u 

-H 

^ 

^-^ 

E 

m 

1 

JJ 

re 

>iS 

cu 

m 

•H 

Xl 

w 

JJ 

CU 

CTlrH 

JJ 

0] 

c 

M 

fC 

3 

c 

CO 

CU 

d 

JJ 

E 

1J 

rH 

+1 

rH 

CTlrH 

•H 

JJ 

rH 

rH 

•H 

0 

4-> 

0 

1) 

X 

3 

fe 

> 

to 

Cu  u 

~—" 

u 

CD 


co 


co 
^  o 


CO 


O 


1 1  co 


o 


o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

C\J 

o 

CO 

CO 

T 

CM 

C\J 

o 

CO 

CD 

"3- 

C\J 

esuodsey  pezipjepuejs  ue8|/\j 


85 


■ 

\ 

1 

z> 
o 

\ 

o 

O 


N 


co 


CO 

b 


b 


b 


CD 

b 


O 


<> 

i 

J 

> 

> 

'( 

1 

I 

\ 

s 

i 

> 

< 

Q. 

o 
en 


o 
o 


86 
outward  current.   Thresholds  were  at  least  10"8  M,  the 
lowest  concentration  tested,  for  currents  of  either 
polarity. 

The  peak  amplitude  of  currents  of  both  polarities 
evoked  by  a  single  concentration  (10~3M)  of  odor  ranged, 
typically,  from  5-85  pA  (Figure  3-7A) .   The  average 
magnitude  of  the  inward  current  (39.2  +  3.0  pA)  was 
significantly  greater  than  that  of  the  outward  current  (20.1 
±  1.4  pA)  measured  across  all  cells  and  odors  (n=386;  t' 
Statistic,  p   <  0.05) .   The  polarity  and  the  magnitude  of  the 
currents  evoked  by  odors  were  independent  of  the  cell 
morphology  for  six  different  odors.   The  results  for  two  of 
the  six  odors,  proline  (n=lll  cells)  and  taurine  (n=102 
cells),  are  shown  in  Figure  3-7B,C.   The  peak  amplitude  of 
the  odor-evoked  currents  of  either  polarity  was  also 
independent  of  the  length  of  the  process  in  cells  bearing 
processes  (n=55,  correlation  analysis,  r  >  3.86)  (Figure  3- 
8A)  and  the  size  of  the  soma  in  cells  lacking  processes 
(n=60,  correlation  analysis,  r  >  3.86)  (Figure  3-8B) . 

Single  odors  activated  from  14  to  77  percent  of  the 
cells  (Table  3-1) .   The  stimulatory  effectiveness  was: 
betaine  >  histamine  >  glycine  >  proline  >  taurine  >  AMP  > 
TMAO  >  ascorbate  >  arginine  >  cysteine.   An  equimolar 
mixture  of  five  compounds  (S-l:   betaine,  taurine,  glycine, 
TMAO,  lactate)  ranked  intermediate  in  stimulatory 
effectiveness.   A  complex  mixture  (TET)  stimulated  more  of 


Figure  3-7.   Plots  of  the  peak  amplitude  of  odor-evoked 
currents  in  cultured  lobster  ORNs  as  a  function  of  cell 
morphology.   A)  Distribution  of  the  peak  amplitude  of  the 
currents  evoked  in  386  cells  by  single  odors  tested  at  a 
common  concentration  (10"3  M) .   Striped  bars,  inward 
currents;  solid  bars,  outward  currents.   Arrows  denote  the 
mean  amplitude  of  the  inward  (open  arrow)  and  outward 
(filled  arrow)  currents.   B)  Plots  of  the  peak  amplitude  of 
currents  of  both  polarities  evoked  by  stimulation  with 
10"3  M  proline  (n=lll)  and  10"3  M  taurine  (n=102)  grouped 
according  to  morphology.   Inward  currents  are  denoted  as 
negative,  outward  as  positive. 
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Figure  3-8.   Plots  of  the  peak  amplitude  of  odor-evoked 
currents  in  cultured  lobster  ORNs .   A)  Amplitude  as  a 
function  of  length  of  the  longest  process  (if  more  than  one) 
for  55  cells   B)  Amplitude  as  a  function  of  diameter  of  the 
soma  in  60  cells  lacking  processes.   The  data  set  combines 
currents  evoked  by  10"3  M  proline,  arginine,  taurine,  TMAO 
and  betaine  as  odors  (1  cell,  1  odor) .   Inward  currents  in 
both  plots  are  denoted  as  negative,  outward  as  positive. 
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Table  3-1.   The  percentage  of  cultured  lobster  olfactory 
receptor  cells  responding  to  individual  odors,  a  mixture  of 
5  odors,  and  a  complex  odor. 


Compound    Cone  #  Cells 

[mM]  Tested 


#  Cells  Responding 


Inward 


Outward 


%  Responding 
to  Odor 


Control 


237 


Betaine 

13 

0 

10 

Histamine 

4 

1 

2 

Proline 

63 

13 

30 

Taurine 

58 

24 

12 

Glycine 

14 

5 

5 

AMP 

10 

1 

4 

S-1  Mix 

5 

16 

4 

3 

TMAO 

34 

7 

7 

Ascorbate 

8 

0 

2 

Argmine 

17 

3 

1 

Cysteine 

14 

0 

2 

Proline 

100 

54 

9 

25 

Taurine 

100 

52 

20 

7 

Arginine 

100 

21 

2 

8 

TET 

0.1* 

4 

3 

1 

TET 

0.001 

52 

19 

12 

77 
75 
63 
62 
57 
50 
44 
41 
25 
24 
14 

63 
52 
48 

100 
60 


*  =  relative  concentration  of  stock  solution  where  0.1  =  10X  dilution  of  Tetramarm  and  0.001  = 
1000X  dilution  of  Tetramarm;  TMAO  =  trimethylamine-oxide;  S-1  Mix  =  betaine,  TMAO,  glycine, 
taurine,  lactate;  Control  =  Liebowitz  L15  Media;  AMP  =  adenosine  monophosphate. 
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the  cells  than  did  any  single  compound  or  the  5  component 
mixture,  but  this  could  be  accounted  for  by  concentration 
since  the  concentration  of  TET  relative  to  that  of  the  pure 
compounds  is  unknown.   Culture  medium  itself,  tested  as  a 
control,  stimulated  none  of  the  cells  tested,  even  though  it 
contained  some  of  the  same  amino  acids  as  above  as  well  as 
L-glutamine.   Some  odors  selectively  activated  either  inward 
or  outward  currents  (Figure  3-9) .   Taurine  elicited  inward 
currents  twice  as  frequently  as  outward  currents,  while 
proline  showed  the  opposite  tendency.   Betaine  and  ascorbic 
acid  elicited  strictly  outward  currents,  although  the  number 
of  cells  tested  in  each  of  these  instances  was  not  large. 

In  a  separate  experiment,  53  cells  that  were  determined 
to  be  odor  responsive  by  their  ability  to  respond  to  TET 
were  presented  sequentially  with  the  same  five  odors  in 
order  to  determine  their  response  spectra  or  "tuning" .   The 
cells  varied  in  the  number  of  odors  they  responded  to,  as 
well  as  the  magnitude  and  the  polarity  of  the  response  to 
any  one  odor  (Figure  3-10A) .   The  mean  breadth  of 
responsiveness  for  the  sample  population  was  H  =  0.31  ±  0.04 
(Figure  3-10B) .   Repeating  this  analysis  using  fewer  odors 
or  the  same  number  of  different  odors  yielded  measures  of  H 
between  0.2  and  0.3  (data  not  shown) . 
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Figure  3-10.   Degree  of  odor  tuning  in  cultured  lobster 
ORNs .   A)  Graph  of  the  response  profiles  of  10  cultured 
lobster  ORNs  to  5  odors  tested  at  10"3  M.   Each  horizontal 
line  depicts  the  responses  of  a  different  cell;  the  height 
and  direction  of  the  bars  on  each  line  indicate  the 
amplitude  and  the  polarity,  respectively,  of  the  odor-evoked 
current  (pA) .   Outward  currents  are  denoted  as  positive 
(upward  bars) ;  inward  currents  as  negative  (downward  bars) . 
B)  Plot  of  the  breadth  of  responsiveness  of  53  cells.   Arrow 
denotes  the  mean  H  value. 
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Discussion 

The  fact  that  the  cells  could  be  observed  to  sprout 
processes  in  culture,  together  with  their  common  active 
electrical  properties,  strengthens  the  contention  I  proposed 
in  the  previous  chapter  that  the  various  types  of  "neuron- 
like" cells  in  the  culture  are  morphs  of  one  type  of  cell, 
the  ORN.   This  finding  is  consistent  with  the  highly 
enriched  source  of  the  cultured  cells;  the  somata  were 
harvested  from  the  lumen  of  the  olfactory  organ,  which  is 
literally  filled  with  grape-like  clusters  of  the  somata  of 
the  ORNs  (Griinert  and  Ache,  1988)  . 

Although  most  neurons,  as  well  as  non-neuronal  cells, 
are  chemically  irritable  (e.g.,  Lerner  et  al . ,  1990),  it  is 
reasonable  to  interpret  the  responses  of  the  cultured  ORNs 
as  olfactory.   Most  importantly,  the  cultured  ORNs  showed  a 
diversity  of  response  profiles  (Figure  3-10) .   Postsynaptic 
or  neuromodulator/  receptors,  in  contrast,  would  be  expected 
to  be  much  more  homogeneously  distributed  across  the 
population  of  cells  and  show  either  the  same  or,  if  multiple 
receptors,  a  restricted  set  of  response  profiles  across 
cells.   For  example,  a  histamine-gated  chloride  channel 
implicated  in  modulating  the  output  of  lobster  ORNs  in   situ 
occurs  on  the  soma  of  more  than  95%  of  the  cells  (McClintock 
and  Ache,  1989a) .   Second,  the  average  breadth  of 
responsiveness  of  the  cultured  ORNs  (H  =  0.31),  approximated 
that  of  lobster  ORNs  determined  in   situ   with  a  similar,  but 
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not  identical,  array  of  compounds  (H  =  0.2,  Derby  et  al . , 
1984)  and  did  not  differ  significantly  from  that  of  lobster 
ORNs  determined  in   situ   with  the  same  array  of  compounds 

(H  =  0.35,  Student's  t-test,  p  <  0.05,  pooled  SD  -  M. 
Wachowiak,  unpublished  data) .   Third,  like  in  their 
counterparts  in   situ,    odors  evoked  both  inward  and  outward 
currents  in  the  cultured  ORNs,  and  different  compounds  could 
evoke  currents  of  opposite  polarity  in  the  same  cell 

(McClintock  and  Ache,  1989b) .   Odors  that  tended  to 
frequently  elicit  currents  of  one  polarity  in  the  cultured 
cells,  e.g.,  proline  and  outward  currents,  also  did  so  in 
lobster  ORNs  in   situ    (Schmiedel- Jakob  et  al . ,  1990;  Michel 
et  al . ,  1991) .   That  currents  of  opposite  polarity  were 
associated  with  an  increase  in  membrane  permeability  argues, 
as  occurs  in   situ    (ibid.),  that  the  odors  were  not  up  and 
down- regulating  a  single  conductance  but,  rather,  were 
regulating  two  distinct  conductances  through  two  parallel 
transduction  pathways.   Last,  the  threshold  and  dynamic 
range  of  the  cultured  ORNs  matched  that  of  lobster  ORNs  in 
situ   to  the  same  or  similar  types  of  odor  molecules 

(Schmiedel-Jakob  et  al . ,  1989;  W.C.  Michel,  unpublished 
data) .   I  conclude  that  most,  and  possibly  all,  of  the 
chemosensitivity  evoked  by  cultured  lobster  ORNs  is  sensory, 
i.e.,  is  mediated  by  the  same  receptors  and  transduction 
pathways  found  in  the  outer  dendrites  of  lobster  ORNs  in 
situ,    and  is  not  the  result  of  activating  synaptic, 
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neuromodulatory  or  other  receptors  that  may  occur  on  the 
soma  of  lobster  ORNs . 

The  inability  of  the  culture  medium  to  elicit  responses 
from  the  cells  when  applied  as  a  control  stimulus,  even 
though  it  contains  amino  acids  shown  to  be  odors  (cysteine, 
glycine,  arginine)  and  others  (e.g.,  glutamine)  that  are 
potential  odors,  is  not  necessarily  surprising.   The  cells 
were  maintained  and  tested  in  the  same  medium  and  would  be 
expected  to  adapt  to  continuous  background  stimulation,  as 
do  their  counterparts  in   vivo    (Borroni  and  Atema,  1988)  . 
However,  adaptation  to  continuous  background  stimulation 
does  shift  the  apparent  threshold  of  the  cells  in   vivo   so 
that  recording  in  medium  might  have  lowered  the  overall 
sensitivity  to  those  test  stimuli  in  the  medium  (cysteine, 
glycine,  arginine) .   Indeed,  the  smallest  percentage  of 
cells  tested  responded  to  cysteine  and  arginine;  but,  in 
contrast,  glycine  was  among  the  more  effective  odors  tested 
(Table  3-1) .   The  remaining  test  odors,  including  those  used 
for  threshold  determininations,  were  not  components  of  the 
culture  medium. 

The  overall  magnitudes  of  the  current  evoked  by  odors 
in  cultured  cells  could  differ  appreciably  from  those  in 
situ   due  to  possible  differences  in  the  number  of  channels 
expressed  in  culture.   It  is  interesting,  therefore,  that 
the  average  magnitudes  of  the  odor-evoked  currents  in  the 
cultured  ORNs  (39.2  ±3.0  pA,  inward;  20.1  ±  1.4  pA  outward) 
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were  within  an  order  of  magnitude  of  those  evoked  in  lobster 
ORNs  in   situ.      A  10 -fold  greater  concentration  of  TET  than 
that  used  in  the  present  study  elicited  an  average  inward 
current  of  25.4  ±  5.1  pA,  while  the  same  concentration  of 
proline  as  that  used  in  the  present  study  elicited  an 
average  outward  current  of  4.5  ±  0.6  pA  in  lobster  ORNs  in 
situ    -  (Michel  and  Ache,  in  press).   Odor-evoked  currents  of 
dendritic  origin  in   situ   would  be  electrotonically 
attenuated  in  the  soma  (where  they  were  recorded) ,  so  the 
actual  magnitude  of  the  current  in  the  dendrite  would 
presumably  be  closer  to  that  found  in  the  cultured  cells. 
My  results  are  consistent  with  the  possibility  that  the 
cultured  cells  express  a  full  complement  of  odor-activated 
channels . 

The  average  amplitude  of  the  odor-evoked  inward 
currents  in  lobster  ORNs  is  an  order  of  magnitude  smaller 
than  those  reported  for  salamander  or  rat  ORNs  (Kurahashi, 
1989;  Pixley  and  Pun,  1990;  Firestein  et  al . ,  1991;  Lowe  and 
Gold,  1991) ,  but  is  consistent  with  the  still  limited 
understanding  of  unitary  currents  that  may  underlie  the 
macroscopic  current.   Inositol  1, 4 , 5-trisphosphate  (IP3), 
the  suspected  excitatory  second  messenger,  activated  1-3 
channels  in  most  (49/56)  cell-free  patches  taken  from  the 
plasma  membrane  of  the  cultured  cells  (Fadool  and  Ache, 
1992a) .   On  the  assumption  that  these  IP3-activated  channels 
are  transductory,  there  are  an  estimated  330  to  1990 
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channels  per  cell,  given  a  pipette  tip  diameter  of  0.5  -  1.0 
fim   and  a  total  cell  surface  area  of  380  pirn2  (Fadool  et  al .  , 
1991b)  ;  or  0.9  -  5.3  channels/  /im2  membrane.   Taking  the 
smaller  of  the  two  IP3-activated  unitary  conductances 
(2  pA  -  Fadool  and  Ache,  1992b) ,  a  macroscopic  current  of 
average  magnitude  (39  pA;  Figure  3-7)  would  require 
activation  of  as  few  as  20  channels,  or  only  1-6%  of  the 
available  channels.   Such  a  small  fraction  of  recruited 
channels  is  consistent  with  the  presumed  sensory  function  of 
the  cells  (e.g.  Firestein  et  al . ,  1991) . 

That  the  ability  of  the  cultured  cells  to  respond  to 
odors  did  not  correlate  with  the  number  or  even  the  presence 
of  processes,  argues  that  the  receptor  sites  for  odors  were 
not  necessarily  confined  to  the  processes.   At  least  in 
vertebrate  ORNs ,  odor  receptors  are  thought  to  be 
selectively  localized  to  the  cilia.   Deciliating  the  frog 
olfactory  epithelium  with  Triton  X-100,  for  example, 
completely  abolishes  the  electro-olf actogram  (Adamek  et  al . , 
1984) .   Lowe  and  Gold  (1991)  confirmed  this  hypothesis  by 
focally  stimulating  the  cilia  of  dissociated  salamander 
ORNs.   Whether  somatic  sensitivity  to  odors  in  cultured 
lobster  ORNs  is  induced  or  is  typical  of  mature  lobster  ORNs 
in   situ   is  unclear.   Previous  attempts  to  record  responses 
to  odors  in  freshly  isolated  somata  have  been  consistently 
unsuccessful  (e.g.,  Anderson  and  Ache,  1985),  suggesting 
that  somatic  sensitivity  to  odors  in  cultured  ORNs  may  have 
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been  induced  by  placing  the  cells  in  culture.   This 
conclusion  would  be  consistent  with  the  observation  that 
molluscan  neurons  raised  in  suspension  culture  to  prevent 
process  formation  insert  postsynaptic  receptors  otherwise 
normally  confined  to  processes  in  the  soma  (Wong  et  al . , 
1981) .   On  the  other  hand,  Hatt  (1990)  finds  odor-gated 
channels  on  the  soma  of  freshly  dissociated  crayfish 
chemosensory  neurons;  channels  that  have  the  same  structure- 
activity  profiles  and  sensitivity  of  the  intact  cells. 
Ligand-gated  histamine  receptors  on  the  soma  of  lobster  ORNs 
resist  the  same  enzymatic  protocol  used  in  the  present  study 
(McClintock  and  Ache,  1989a) .   Therefore,  I  cannot  eliminate 
the  possibility  that  the  receptors  in  question  normally 
occur  on  the  somata  of  mature  lobster  ORNs,  but  are 
destroyed  by  the  enzymatic  treatment  required  to  dissociate 
the  cells  and  fail  to  recover  in  the  subsequent  4-6  hr  over 
which  in   situ   recordings  are  usually  made.   It  is  known  that 
enzymatic  digestion  used  to  prepare  cells  for  patch  clamping 
alters  neurotransmitter  responsiveness  in  invertebrate 
neurons  (Oyama  et  al . ,  1990)  and  eliminates  odor 
responsiveness  in  amphibian  ORNs  (Firestein  and  Werlin, 
1989)  . 

The  latency  to  response  was  extremely  brief,  as  short 
as  20  msec  with  the  majority  of  the  responses  occurring 
within  125  msec  of  valve  (spritzer)  activation.   These 
values  fall  below  the  lower  limit  of  the  range  of  latencies 
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reported  for  dissociated  salamander  ORNs ,  the  other  system 
for  which  comparable  measurements  are  available  (175-600 
msec- -Firestein  et  al . ,  1990) .   Both  systems  lack  a  mucus 
barrier  that  would  otherwise  impede  stimulus  access  to  the 
receptor  sites,  so  the  latencies  presumably  reflect  the 
actual  time  course  of  transduction.   Breer  et  al .  (1990) 
recently  reported  that  levels  of  two  second  messengers  in 
rat  and  insect  ORNs,  cyclic  adenosine  monophosphate  and 
inositol  1 , 4 , 5-trisphosphate,  respectively,  peak  in  response 
to  odor  stimulation  within  25-50  msec.   Thus,  while  the 
latency  of  the  response  of  cultured  lobster  ORNs  is 
considerably  shorter  than  that  of  salamander  ORNs,  it  is 
consistent  with  second  messenger-mediated  transduction. 

Thus,  in  this  chapter  it  was  shown  that  lobster  ORNs 
not  only  survive  in  culture,  but  express  the  odor 
sensitivity  and  selectivity  of  their  counterparts  in    situ, 
including  the  ability  of  odors  to  excite  as  well  as  inhibit 
the  cells.   As  the  cultured  cells  are  morphologically  and, 
presumably,  electrotonically  (as  evidenced  by  the  absence  of 
a  measurable  equalizing  time  constant)  more  compact  than 
their  counterparts  in   situ,    often  consisting  of  only  a 
spherical  soma,  the  ability  to  characterize  the  transduction 
pathways  and  analyze  potential  interactions  between  them 
should  be  greatly  facilitated  in   vitro. 


CHAPTER  4 
GTP-BINDING  PROTEINS  MEDIATE  ODOR-EVOKED  CURRENTS 

Introduction 

Heterotrimeric  G  proteins  are  a  highly  homologous  set 

of  proteins  that  relay  an  extracellular  stimulus 

(neurotransmitter,  hormone,  photon,  odorant)  from  cell- 

surface  receptors  to  an  effector  (enzyme,  ion  channel) 

(Gilman,  1987;  Neer  and  Clampham,  1988;  Birnbaumer,  1992; 

Hille,  1992a,  1992b;  Conklin  and  Bourne,  1993) .   To  date 

there  are  genes  encoding  16  a   subunits,  4  S  subunits,  and  5 

gamma  subunits,  whose  functions  are  incompletely  known. 

Phylogenic  trees  assign  G  proteins  into  three  families,  as, 

ceq,  and  ait    with  similar  functional  correlates  ascribed  to 

subunits  within  a  family  group  (Birnbaumer,  1992)  .   The 

coupling  of  receptor  type  to  effector  is  not  known  in  many 

systems .   Many  of  the  criteria  for  the  involvement  of  G 

proteins  (Gilman,  1987)  in  olfactory  transduction  (Bruch, 

1990;  Shepherd,  1991;  Reed,  1992;  Ronnett  and  Snyder,  1992) 

have  been  satisfied:   the  requirement  for  GTP  in  the 

initiation  of  an  odorant  response  (Pace  et  al . ,  1985;  Pace 


NOTE:   This  chapter  will  be  submitted  to  Chemical  Senses  and 
is  formatted  to  meet  its  style  regulations. 
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and  Lancet,  1986),  provoked  responses  by  nucleotide 
analogues  (Pace  et  al . ,  1985;  Boekhoff  and  Breer,  1990; 
Breer  et  al . ,  1990),  ribosylation  by  bacterial  toxins  (Pace 
et  al .  ,  1985;  Bruch  and  Kalinoski,  1987;  Boekhoff  et  al . , 
1990a,  1990b;  Breer,  1991) ,  immunochemical  localization  of 
individual  G  protein  subtypes  in  the  olfactory  epithelium 
(Anholt  et  al . ,  1987;  Jones  et  al . ,  1988;  Mania-Farnell  and 
Farbman,  1990),  and  finally  molecular  cloning  of  a  highly 
specific  olfactory  G  protein  (Jones  and  Reed,  1989)  as  well 
as  the  discovery  of  putative  olfactory  receptors  (Buck  and 
Axel,  1991;  Selbie  et  al . ,  1992;  Ngai  et  al . ,  1993;  Raming 
et  al .  ,  1993)  that  belong  to  a  large  superfamily  of  seven 
transmembrane  receptors  coupled  to  GTP-binding  proteins. 
The  presence  of  G  proteins  across  a  broad  range  of 
species  including  toad,  frog,  rat,  lobster,  catfish,  and 
insects  (Pace  and  Lancet,  1986;  Anholt  et  al . ,  1987;  Bruch 
and  Kalinoski,  1987;  Jones  and  Reed,  1987,  1989;  Jones  et 
al.,  1988;  Boekhoff  et  al . ,  1990a;  McClintock  et  al . ,  1990; 
Olson  et  al . ,  1992)  gives  credence  to  a  transductory  role  in 
olfactory  receptor  neurons.   Immunochemical,  biochemical, 
and  molecular  evidence  for  G  protein-linked  mediation  of 
olfactory  signalling  has  in  few  instances  been  correlated 
with  function  (Jones  et  al .  ,  1988;  Jones,  1989;  Mania- 
Farnell  and  Farbman,  1990;  Raming  et  al . ,  1993). 
Representatives  of  all  three  G  protein  families  have  been 
localized  in  the  olfactory  epithelium,  namely  Golf,  Gs,  G0, 
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Gi,  and  Gall  (Anholt  et  al .  ,  1987;  Jones  and  Reed,  1987, 
1989;  Jones  et  al . ,  1988,  Mania-Farnell  and  Farbman,  1990; 
Shinohara  et  al . ,  1993;  Abogadie  and  Bruch,  in  press;  Rhoads 
et  al . ,  in  press) ,  but  coupling  of  G  protein  subtypes  to 
specific  effector  types  remains  incomplete.   A  direct  method 
would  be  to  study  the  involvement  and  type  of  G  proteins  in 
olfactory  signalling  by  an  electrophysiological  approach, 
where  changes  in  transduction  current  can  be  monitored. 
Lobster  olfactory  receptor  neurons  (ORNs)  could  provide  an 
advantageous  model,  where  multiple  mechanisms  of  signal 
transduction  are  inferred  by  the  dual  polarity  of  odor- 
evoked  current  responses  in  single  cells  (McClintock  and 
Ache,  1989b;  Michel  et  al . ,  1992a;  Fadool  et  al . ,  1993)  and 
the  presence  of  potential  target  effectors,  inositol  1,4,5- 
trisphosphate  (IP3)-  and  cyclic  monophosphate  (cAMP) -gated 
ion  channels,  have  been  well  studied  (Fadool  and  Ache, 
1992a;  Michel  and  Ache,  1992)  . 

Although  the  production  of  cyclic  nucleotide  and 
inositol  phosphate  second  messengers  can  occur  other  than 
via  G  protein-mediated  activation  of  adenylyl  cyclase  and 
phospholipase  C  (Wahl  et  al . ,  1989;  Catt  et  al . ,  1991;  Hille 
et  al . ,  1992a;  Majerus,  1992),  preliminary  evidence  in  our 
and  other  laboratories  support  the  presence  of  G  proteins  in 
various  lobster  tissues  (Miwa  et  al . ,  1990;  Taggart  and 
Landau,  1992)  and  in  the  olfactory  organ  of  the  lobster 
(Fadool  et  al . ,  1991a;  McClintock  et  al . ,  1992).   In  this 


107 
chapter,  I  now  provide  electrophysiological  evidence  for  the 
involvement  of  a  bacterial  toxin  insensitive  G-protein  in 
odor-evoked  inward  (excitatory)  and  outward  (inhibitory) 
currents  of  whole  cell  voltage -clamped  lobster  ORNs . 
Secondly,  through  combined  Western  analysis  and  antibody 
perfusion  of  voltage-clamped  whole  cells,  I  have  identified 
two  candidate  G  protein  subtypes  of  the  a±   and  oiq   families 
linked  functionally  to  the  IP3-mediated  excitatory  currents 
in  these  cells.   As  G  proteins  are  a  ubiquitous, 
evolutionarily  conserved  family  of  proteins  among  the 
multicellular  eukarayotes  (Pupillo  et  al . ,  1989;  Simon  et 
al .  ,  1991)  ,  I  feel  my  findings  in  this  chapter  can  reveal 
insight  into  the  potential  ways  in  which  G  protein-linked, 
cell-surface  receptors  can  be  coupled  to  second  messenger- 
gated  ion  channels  in  olfaction,  as  well  as  insight  into  the 
identity  of  potential  G  proteins  mediating  inositol 
phospholipid  turnover  in  olfactory  signalling  of  higher 
animals . 

Methods 
Animals 

Adult  specimens  of  the  Caribbean  spiny  lobster, 
Panulirus   argus,    were  collected  in  the  Florida  Keys  and 
maintained  in  the  laboratory  in  a  flow-through  seawater 
system.   Animals  were  fed  a  mixed  diet  of  frozen  fish, 
squid,  and  shrimp. 
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Tissue  Culture 

The  distinct  clusters  of  olfactory  (aesthetasc) 
receptor  cells  were  dissected  from  the  olfactory  organ 
(lateral  antennular  filament)  of  adult  specimens  of  the 
Caribbean  spiny  lobster,  Panulirus   argus .      The  clusters  were 
enzymatically  dissociated,  and  the  resulting  cells  sustained 
in  primary  culture  as  described  previously  (Chapter  2) . 
Briefly,  the  isolated  clusters  were  incubated  for  50  min  at 
80  rpm  on  an  orbital  shaker  in  0.2  micron  filter-sterilized 
solution  of  2.5  mg  papain  and  12  mg  L-cysteine  in  10  ml 
Panulirus   saline  (PS)  containing  1%  penicillin,  streptomycin 
sulfate,  and  amphotericin  B  (Gibco) .   Proteolytic  digestion 
was  stopped  by  replacing  the  enzyme  solution  with  low 
glucose  L-15  media  supplemented  with  L-glutamine,  dextrose, 
fetal  calf  serum,  and  BME  vitamins.   Cells  were  immediately 
plated  on  poly-d-lysine-coated  glass  coverslips.   Cells  were 
maintained  at  saturation  humidity  in  a  modular  incubator 
chamber  (Billups-Rothenberg)  at  24°C. 
Electrophysiolocry 

Patch  electrodes  were  fabricated  from  1.8  mm  O.D. 
borosilicate  glass  and  fire  polished  to  a  tip  diameter  of 
approximately  1.0  /xm  (bubble  number  4.8;  Mittman  et  al .  , 
1987) .   High  resistance  seals  of  between  8  and  14  Gfi  were 
obtained.   Cells  were  viewed  at  40X  magnification  with 
Hoffman  optics.   Signals  were  filtered  at  5  kHz  with  a 
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low-pass  bessel  filter  and  were  analyzed  by  pCLAMP  software 
(Axon  Instruments) . 

Odor-activated  currents  were  recorded  in  the  whole-cell 
configuration  with  an  integrating  patch-clamp  amplifier 
(Dagan  3900) .   In  all  experiments,  cells  were  voltage- 
clamped  at  a  holding  membrane  potential  of  -60  mV.   Odors 
were  "spritzed"  on  the  cells  from  a  seven  barrel  glass 
micropipette  (Frederick  haer)  coupled  to  a  single 
pressurized  valve  system  (Picospritzer ,  General  Valve)  via  a 
6 -way  rotary  valve  as  previously  described  (Chapter  2) . 
Nonhydrolyzable  forms  of  a  G-Protein  activator  (GTP)  and 
inhibitor  (GDP),  guanosine  5 ' -O- (3 -thiotriphosphate) 
(GTPGammaS)  and  guanosine  5 ' -0- (2-thiodiphosphate) 
(GDPBetaS)  respectively,  were  introduced  to  the  cells 
through  the  patch  pipette.   To  observe  changes  in  odor- 
activated  current  in  response  to  the  above  analogs, 
individual  cells  were  sequentially  patched.   This  allowed 
calculation  of  the  initial  odor  responsivity,  prior  to  the 
addition  of  the  analog  in  the  second  patch  on  the  same  cell. 
In  experiments  using  bacterial  toxins,  1  /xg/ml  pertussis 
(PTX)  or  50  /xg/ml  cholera  toxin  (CT)  was  added  to  the  media 
of  36  h  cultured  cells  for  30  h;  a  protocol  similar  to  that 
used  with  other  cultured  systems  (LaBelle  and  Murray,  1990; 
Okajima  and  Ui ,  1984;  Lambert  and  Nahorski,  1990).   The 
magnitude  of  odor-activated  currents  of  treated  verses  non- 
treated  cells  was  compared.   In  additional  studies,  to 
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insure  PTX  access  into  these  cells,  the  active  subunit  of 
the  PTX  holotoxin,  the  A  Protomer,  was  introduced  (10  /xg/ml  ; 
PTX  A)  to  cells  directly  through  the  patch  pipette.   Change 
in  odor-activated  current  at  time  0  (control)  was  compared 
with  that  of  time  5-10  min  (treated)  after  break  through  to 
the  whole-cell  configuration. 

In  experiments  where  antibodies  directed  against 
various  G-protein  subunits  were  perfused  into  whole  cells, 
patch  electrodes  were  first  tip-filled  approximately  1  mm 
with  patch  electrode  solution  (see  solutions,  PE)  and  then 
backfilled  with  test  antibody  solution.   Antibody  solutions 
were  prepared  by  an  initial  1:25  dilution  in  PE,  followed  by 
brief  vortexing,  and  then  centrifugation  for  30  min 

(Eppendorf,  #12  setting).   This  reduced  the  likelihood  of 
particulates  blocking  perfusion  through  the  patch  electrode. 
The  antibody  supernatant  was  subsequently  diluted  in  PE  to  a 
1:100  working  concentration.   In  previous  studies  utilizing 
the  same  size  pipette  diameter,  cell  and  antibody 
preparation,  and  recording  conditions,  evidence  of  perfusion 
of  antibody  generally  occurred  not  later  than  3  to  5  minutes 

(Chapter  5) .   Odor-evoked  currents  were  monitored  every  min 
for  up  to  30  min  so  as  to  minimize  adaptation  or  desensiti- 
zation.   Pipettes  backfilled  with  PE  or  with  non-immune  IgG 
rabbit  serum  were  used  to  monitor  odor-evoked  current  over 
time  in  the  absence  of  antibody  perfusion. 
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For  statistical  comparisons,  significance  was  defined 
at  p  <  0.05  for  paired  t-tests  and  at  a    =  0.05  for  analyses 
of  variance . 
Biochemistry 

Mouse  cerebellum  (3  animals) ,  lobster  brain 

(3  animals) ,  lobster  olfactory  receptor  neuron  (ORN)  somata 

(8  antennules) ,  and  ORN  dendrites  (24  antennules)  were 
isolated  in  chilled  phosphate  sucrose  buffer  (PSB) .   It  was 
not  possible  to  obtain  enough  isolated  protein  from  cultured 
ORNs  due  to  a  high  loss  of  tissue  during  removal  of  cells 
from  substrate  and  the  large  number  of  live  animals  (=  100) 
required  to  test  all  G-protein  probes.   All  dissected 
tissues  were  homogenized  in  chilled  homogenization  buffer 

(HB)  50  strokes  by  mortar  and  pestle  (Wheaton,  Size  B)  or 
2  min  by  a  Kontes  tissue  grinder  in  microcentrifuge  tubes, 
and  then  tip  sonicated  (Heat  systems,  Ultrasonics  Inc., 
W-220)  three  times  for  15  s  at  a  #3  setting  while  iced. 
Homogenates  were  centrifuged  twice  at  5,000  RPM  (Eppendorf, 
#12  setting),  4°C  for  30  min.   Combined  supernatants  were 
then  centrifuged  (Beckman  L70  Ultracentrifuge)  38,000  RPM 
for  2.5  h  at  4°C.   The  recovered  pellets  were  resuspended  in 
HB  by  bath  sonification  (Heat  systems,  Ultrasonics  Inc., 
W-225)  three  times  for  15s  at  a  #5  setting  and  frozen  at 

-80°C  until  use. 

Protein  was  determined  by  a  Bradford  photometric  assay. 
20-25  ptg   of  the  respective  membrane  preparations  were 
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separated  at  constant  current  (25  mA;  3  h)  on  a  10% 
homogenous  SDS  electrophoretic  gel  (0.55  mm  thick,  29:1 
acrylamide/bis-acrylamide) .   Proteins  were  transferred  to 
nitrocellulose  in  normal  blotting  buffer  (BB)  at  0.5  mA  for 
4  h.   Nitrocellulose  membrane  was  soaked  2  x  10  min  in 
Tween-tris  buffered  saline  (TTBS) .   Non-specific  binding  to 
the  membrane  was  blocked  for  30  min  with  2.5%  Carnation  dry 
milk  in  TTBS  (Blotto) .   Nitrocellulose  membrane  was  then 
incubated  for  2 . 5h  at  RT  with  selected  G-protein  antibodies, 
washed  2  x  10  min  in  TTBS  to  remove  unbound  antibody,  and 
reincubated  for  2  h  with  a  1:250  dilution  of  peroxidase- 
conjugated  goat  anti-rabbit  secondary  antibody  (Boehringer 
Mannheim) .   Electrophoretic  bands  were  visualized  by 
4 -chloro-1-naphthol  color  reagent  activated  by  30%  H202  in 
tris  buffered  saline  (TBS)  and  20%  methanol. 
Solutions 

PS  consisted  of  (in  mM) :   458  NaCl,  13.4  KCL, 
9.8  MgCl2,  13.6  CaCl2,  13.6  Na2S04,  3  HEPES,  and  2  glucose; 
pH  7.4.   Modified  L15  Media  consisted  of:   50  ml  Liebowitz 
L15,  50  ml  of  1 . 6X  normal  concentration  of  PS,  0 . 6g 
dextrose,  0.026  g  L-glutamine,  and  0.01%  gentamicin.   PSB 
consisted  of  (in  mM) :   10  phosphate  and  250  sucrose;  pH  7.3. 
HB  consisted  of  (in  mM) :   320  sucrose,  10  Trizma  base, 
50  KC1,  and  1  EDTA.   TBS  consisted  of  (in  mM) :   50  Tris, 
150  NaCl;  pH  7.5.   TTBS  was  made  by  adding  0.1%  Tween-20  to 
TBS.   BB  consisted  of  (in  mM) :   25  Tris,  0.1%  SDS, 
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192  glycine,  and  20%  methanol.   The  patch  electrode  (PE) 
solution  consisted  of  (in  mM) :   30  NaCl,  11  EGTA,  10  HEPES, 
1  CaCl2,  180  K-acetate,  and  696  glucose;  pH  7.0.   GTPGammaS 
(10"5M)  and  GDPBetaS  (10"5M)  were  made  daily  in  PE  for 
electrical  recordings.   Odorants  consisted  of  either  single 
components  (10"3M)  made  daily  in  PS:   taurine,  betaine,  1- 
proline,  1-arginine,  1-glycine,  TAMP,  d-alanine  or  of  a  broad 
spectrum  odorant  mixture,  TetraMarin  (TET;  commercial  flake 
fish  food,  Tetra  Werke,  Melle,  France) ,  diluted  1000-fold  in 
PS.   A  stock  extract  of  TET  was  made  by  mixing  2  gm  dry 
flakes  in  60  ml  saline,  centrifuging  the  resulting 
suspension  at  1400  g,  filtering  it  through  Whatman  #3  filter 
paper,  adjusting  it  to  pH  7.4,  and  storing  it  frozen  in  5  ml 
aliquots.   Antibodies  directed  against  the  various  G-protein 
subunits  were  diluted  in  Blotto  at  1:250  or  1:1000  for 
Western  analysis  and  were  diluted  in  PE  at  1:100  for 
electro-physiology.   Anti-GiS  and  anti-Goa  were  purchased 
from  Upstate  Biochemical  and  Dupont  respectively. 
Immunopurif ied  anti-Golfa  was  a  generous  gift  from  Dr. 
Richard  Bruch.   Anti-Gq  (Z811-5DE) ,  made  to  the  common 
carboxyl  termini  of  oiq   and  axl  (the  amino  terminal  cysteine 
and  the  last  12  amino  acids,  CILQLNLKEYNLV  -  Gutowski  et 
al . ,  1991),  was  a  generous  gift  from  Dr.  Paul  Sternweis. 
Anti-Gq  (E973),  made  to  the  amino  acids  115-133  of  the  aq 
peptide  sequence  and  anti-Gall  (E976)  ,  made  to  the  amino 
acids  160-172  of  the  au  sequence  (Strathmann  and  Simon, 
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1990),  were  generous  gifts  from  Dr.  John  Exton.   The  G- 
protein  analogs,  odorants,  and  all  salts  were  obtained  from 
Sigma  Chemical.   PTX  A,  PTX,  and  CT  were  obtained  from 
Calbiochem. 

Results 

To  test  the  involvement  of  GTP-binding  proteins  in  odor 
transduction,  a  total  of  19  cells  were  sequentially  patched, 
incorporating  either  GTPGammaS  or  GDPBetaS  in  the  second 
seal  of  the  same  cell.   The  magnitude  of  the  odor-evoked 
inward  (n=5)  and  outward  current  (n=5)  was  significantly 
increased  when  10"5M  GTPGammaS  was  included  in  the  pipette 
during  odor  stimulation  (paired  t-test) .   In  contrast,  the 
magnitude  of  each  (n=5  inward,  n=4  outward)  was 
significantly  decreased  when  1(T5M  GDPBetaS  was  included 
(paired  t-test) (Figure  4-1) .   When  the  cultured  cells  were 
preincubated  with  1  /xg/ml  PTX  or  50  ^g/ml  CT  for  30  h  or 
when  10  /xg/ml  PTX  A  was  introduced  by  way  of  the  patch 
pipette,  the  magnitude  of  odor-evoked  inward  or  outward 
current  remained  unchanged  (one-way  ANOVA,  a    <  0.05, 
n=  5-10)  among  treated  and  untreated  cells  (Figure  4-2) . 

The  antibodies  directed  against  GiS  and  Golfa 
demonstrated  no  positive  immuno label ling  at  the  expected 
reported  molecular  weights  (arrows)  in  any  of  the  lobster 
membrane  preparations  (Figure  4-3) .   Positive 
immunolabelling  was  observed  in  mouse  cerebellum  for  anti- 
GiS  at  35  kDa.   This  antibody  exhibited  a  high  degree  of 


Figure  4-1.   Histogram  of  the  mean  odor-evoked  inward  and 
outward  currents  of  voltage-clamped  lobster  olfactory- 
receptor  neurons  (ORNs)  that  were  sequentially  patched.   The 
magnitude  of  the  odor-evoked  current  recorded  with  normal 
patch  solution  was  normalized  (solid  bar)  and  compared  to 
that  recorded  by  the  second  patch  on  the  same  cell  when 
GTPGammaS  (striped  bar)  or  GDPBetaS  (open  bar)  was  included 
in  the  patch  pipette.   Holding  potential  -60  mV.   Number  of 
sequentially  patched  cells  as  noted.   *  =  significant 
difference,  p  <  0.05,  paired  t-test. 
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Figure  4-2.   Histogram  of  the  mean  inward  and  outward  odor- 
evoked  current  of  voltage-clamped  lobster  ORNs  displayed  as 
a  percentage  function  of  the  control  group  normalized  to 
100.   Solid  bar  =  untreated  cells,  striped  bar  =  1  /xM 
pertussis  toxin  (PTX)  treated  cells,  open  bar  =  10  /iM  PTX  A 
Protomer  (PTX  A)  treated  cells,  checkered  bar  =  50  /iM 
cholera  toxin  (CT)  treated  cells.   No  significant  difference 
in  treatment  means  (ANOVA,  a    s  0.05,  n=  5-10  as  noted) . 
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non-selective  staining  at  higher  molecular  weights  (60-210 
kDa)  than  those  reported  for  any  G-proteins.   This  was  true 
for  all  tissues,  including  that  isolated  from  either  mouse 
or  lobster.   The  antibody  directed  against  Goa  demonstrated 
immunolabelling  of  a  40.5  kDa  peptide  in  mouse  cerebellum, 
lobster  brain,  and  lobster  dendrite  (Figure  4-4) ,  close  to 
the  expected,  reported  molecular  weight  (arrow)  of  3  9  kDa 
for  this  protein  subunit .   No  immunolabelling  at  this 
molecular  weight  was  observed  in  extracts  from  lobster 
somata.   Again  a  degree  of  non-selective  staining  of  high 
molecular  weight  proteins  was  observed  for  this  antibody. 
Anti-Gq  (E973)  and  anti-Gall  (E976)  displayed  no  positive 
immunolabelling  in  any  of  the  lobster  tissues  at  the 
expected,  reported  molecular  weights  for  these  protein 
subunits  (arrows) ,  and  only  slight  immunolabelling  in  mouse 
cerebellum  by  anti-Gq  (E973)  at  42  kDa  (Figure  4-4) .   Anti 
Gq  (Z811-5DE)  was  not  tested  by  Western  analysis.   In  no 
case  were  protein  bands  observed  when  the  primary  antibody 
was  omitted  (Figure  4-3;  CI).   Background  staining  of  high 
molecular  weight  proteins  in  both  mouse  and  lobster  was 
observed  when  the  primary  antibody  was  replaced  with  non- 
immune rabbit  IgG  (Figure  4-3;  C2) .   A  summary  of  all 
Western  analyses  can  be  found  in  Figure  4-5. 

Because  the  odor-evoked  macroscopic  inward  and  outward 
currents  in  lobster  ORNs  are  mediated  by  the  second 
messengers,  IP3  and  cAMP  respectively  (Fadool  and  Ache, 
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Figure  4-5.   G-protein  subtypes  localized  in  mouse  and 
lobster  tissues  and  the  theoretical  G-protein  linked 
effectors  in  lobster  olfactory  receptor  neurons  (ORNs) . 
TOP:   Summary  table  of  the  cross-reactivity  of  antibodies 
directed  against  various  G-protein  subtypes  as  shown  by  the 
Western  analyses  of  Figures  4-3  and  4-4.   "+"  =  positive 
immunoreactive  protein;"-"  =  no  apparent  immunoreactivity . 
BOTTOM:   Diagrammatic  representation  of  all  hypothesized 
transduction  cascades  in  lobster  OFJST  based  upon  known 
receptor-effector  coupling  reported  in  other  systems. 
Inhibitory  cascade:   Odor  molecule  (circle)  binds  to  a  cell- 
surface  receptor  linked  to  either  Gi  or  Golf  protein  to 
activate  adenlyly  cyclase  (AC) ,  which  converts  adenosine 
trisphosphate  (ATP)  to  cyclic  monophosphate  (cAMP) ,  which 

directly  gates  ( >)  an  ion  channel  evoking  an  outward 

(inhibitory)  transduction  current.   Excitatory  cascade: 
Odor  molecule  (square)  binds  to  a  cell-surface  receptor 
linked  to  either  G0,  Gq,  or  GX1  protein  to  activate 
phospholipase  C  (PLC),  which  converts  phosphoinositol  4,5- 
bisphosphate  (PIP2)  to  inositol  1, 4 ,  5 -trisphosphate  (IP3), 

which  directly  gates  ( >)  an  ion  channel  evoking  an 

inward  (excitatory)  transduction  current. 
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1992a;  Michel  and  Ache,  1992) ,  binding  of  antibodies  to  the 
G-proteins  that  target  the  enzymatic  production  of  these 
second  messengers  might  be  expected  to  perturb  the 
transduced  current  (Figure  4-5) .   In  antibody  perfusion 
experiments,  the  perfusion  of  anti-Golf0,,  anti-Goa,  anti-GiS, 
anti-Gq  (Z811-5DE)  ,  anti-Gq  (E973),  or  anti-Gall  (E976)  or  the 
perfusion  of  non- immune  rabbit  IgG  or  normal  PE  had  no 
effect  on  the  magnitude  of  odor-evoked  outward  currents.   In 
contrast,  binding  of  either  anti-Gq  (Z811-5DE)  or  anti-Goa, 
completely  blocked  the  odor-evoked  inward  current  within 
several  minutes.   It  was  not  possible  to  reverse  the  effect 
of  the  antibody  block  by  inclusion  of  the  peptide  (in  the 
patch  pipette)  to  which  the  antisera  were  raised  because 
this  made  the  ORN  membranes  too  unstable  for  reliable 
recording.   Cells  perfused  with  non- immune  rabbit  IgG  or 
normal  PE  typically  showed  no  decay  in  odor-evoked  outward 
current  over  the  tested  time  interval  but  displayed  a 
rundown  of  odor-evoked  inward  currents  over  this  same 
period.   Even  in  these  control  conditions,  however,  a 
measurable  inward  current  could  be  detected  in  many  cells  up 
to  1  hr .   An  example  of  the  odor-evoked  responses  observed 
during  perfusion  of  anti-G0  is  shown  in  Figure  4-6. 

The  effect  of  antibody  perfusion  on  the  magnitude  of 
odor-evoked  currents  was  fairly  consistent  across  a  sample 
population  (Figure  4-7) .   Binning  the  measured  odor-evoked 
currents  into  5  minute  intervals  and  normalizing  an 
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Figure  4-7.   Line  graphs  of  the  mean  outward  (A)  and  inward 
(B)  odor-evoked  currents  as  a  function  of  time  and  perfusion 
treatment  in  whole-cell  voltage-clamped  lobster  olfactory 
receptor  neurons  (ORNs) .   Each  data  point  represents  the 
mean  (±  SEM)  odor-evoked  current  normalized  to  that  at 
breakthrough  (BT)  to  the  whole-cell  configuration  and  binned 
into  the  bracketed  time  intervals.   Number  of  repetitions  as 
noted.   *  =  significant  difference  across  treatment 
dimension  (blocked  factorial  design  two-way  ANOVA,  a    < 
0.05) .   Membrane  potential  =  -60  mV. 

__*__  =  serum,  --a--  =  patch  solution,  -  -■-  -  =  anti-Golf/ 
--+--  =  anti-G0,  --X--  =  anti-G^  --X--  =  anti-G 
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131 
individual  olfactory  neuron  response  to  its  initial  response 
magnitude  upon  break  through  to  the  whole-cell 
configuration,  indicated  that  the  binding  of  anti-Golfa, 
anti-Goa,  anti-GiE/  anti-Gq  (Z811-5DE)  ,  anti-Gq  (E973),  or 
anti-Gall  (E976)  or  the  perfusion  of  non- immune  rabbit  IgG  or 
normal  PE  had  no  affect  on  the  magnitude  of  odor-evoked 
outward  current  across  either  the  time  or  treatment  group 
dimension  (blocked  factorial  design  two-way  ANOVA;  Figure  4- 
7A) .   In  a  similar  analysis  of  odor-evoked  inward  currents, 
all  test  perfusions,  including  controls,  exhibited  a 
decrease  in  response  magnitude  across  the  time  dimension, 
but  only  those  cells  perfused  with  anti-Goa  or  anti-Gq  (Z811- 
5DE)  showed  a  significant  decrease  in  response  magnitude 
compared  across  treatment  groups  (blocked  factorial  design 
two-way  ANOVA;  Figure  4-7B) . 

Discussion 
The  finding  that  nonhydrolyzable  analogs  of  GTP  and  GDP 
respectively  increase  and  decrease  both  the  macroscopic 
odor-evoked  inward  (excitatory)  and  outward  (inhibitory) 
currents  in  lobster  ORNs  strongly  supports  a  transductory 
role  for  G  proteins  in  both  conductance  pathways.   Pertussis 
and  cholera  toxin  incubation  of  cultured  ORNs  did  not 
perturb  the  magnitude  of  the  odor-evoked  currents,  implying 
that  the  G  protein (s)  involved  in  transduction  were  of  the 
bacterial-toxin  insensitive  class.   The  ability  of  a  G 
protein  to  undergo  bacterial  toxin  ADP-ribosylation  is  an 


132 
indication  of  its  subtype:   members  of  the  a±   family, 
including  Gai  and  Gao,  can  be  ribosylated  by  PTX  (Katada  and 
Ui,  1982;  Codina  et  al . ,  1983;  Bokoch  et  al . ,  1984;  Neer  et 
al . ,  1984;  Sternweis  and  Robinshaw,  1984);  members  of  the 
aBl    including  Gas  and  Golfa,  can  be  ribosylated  by  CT  (Gill 
and  Meren,  1978);  and  members  of  the  oiq   family,  including 
Gall  and  Gq,  lack  the  recognition  site  for  ribosylation  (Pang 
and  Sternweis,  1990;  Strathmann  and  Simon,  1990;  Blank  et 
al . ,  1991;  Sternweis  et  al . ,  1992).   Since  PTX  is  known  to 
alter  odor-evoked  second  messenger  production  in  rat  and 
insect  olfactory  ciliary  preparations  (Boekhoff  et  al . , 
1990a)  and  ribosylates  a  37/39  kDa  doublet  and  3  lower 
molecular  weight  proteins  in  lobster  aesthetasc  membrane 
preparations  (McClintock  et  al . ,  1990),  I  questioned  whether 
the  toxin  was  penetrating  the  ORN  cell  membrane,  albeit  at 
micromolar  concentrations  and  for  30  hours  of  incubation.   I 
eliminated  this  possibility  by  injecting  the  active  subunit 
of  the  PTX  holoenzyme,  the  A  Protomer  (PTX  A) ,  into  whole - 
cells  via  the  patch  pipette,  using  similar  tip  diameters  and 
perfusion  times  documented  for  voltage-clamp  studies  of  B5 
snail  neurons  and  frog  sympathetic  neurons  (Elmslie,  1992; 
Man-Son-Hing  et  al . ,  1992).   Even  though  lobster  aesthetasc 
membranes  contain  a  PTX-ribosylated  protein (s)  (McClintock 
et  al  .  ,  1990)  and  a  putative  Gai  subunit  has  been  cloned 
from  lobster  containing  a  potential  cysteine  ribosylation 
recognition  site  (McClintock  et  al . ,  1992),  my  data  support 
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functionally,  bacterial  toxin-insensitive  G-proteins  most 
probably  similar  to  those  of  the  aq  family.   In  contrast  to 
PTX,  the  ability  for  CT  to  ribosylate  G  proteins  in  lower 
metazoans  has  been  questionable,  as  these  animals  do  not 
possess  an  essential  lipid  component  in  their  plasma 
membrane  to  make  such  a  modification  (John  Schetz,  unpub 
data) .   It  is  thus  less  clear  whether  the  lack  of  CT 
sensitive  odor-evoked  currents  in  lobster  ORNs  should  be 
truely  classified  as  CT-insensitive . 

Selective  block  of  odor-evoked  inward  currents  by  the 
binding  of  antibodies  directed  against  Goa   and  Gqa   is 
consistent  with  the  InsP3  mediation  of  excitation  in  these 
neurons  (Chapter  5) .   PLCf^  is  the  reported  effector  for 
both  of  these  G  protein  subtypes  (Review:   Berstein  et  al . , 
1992;  Sternweis  and  Smrcka,  1992;   Reports:   Moriarty  et 
al.,  1990;  Blank  et  al . ,  1991;  Smrcka  et  al . ,  1991;  Taylor 
et  al . ,  1991),  inferring  that  the  lobster  possesses  a 
similar  isoform  of  this  lipase  to  generate  InsP3  from  PIP2. 
It  is  interesting  to  note  that  mRNA  encoding  G0  is  enriched 
in  rat  olfactory  epithelium  (Jones  et  al . ,  1990)  and  that  G0 
protein  was  suspected  to  be  coupled  to  InsP3-mediated  odor 
detection  based  on  bacterial-toxin  sensitivity  in  this  same 
organism  (Breer,  1990) . 

If  both  a  Gqa-    and  a  Goa-like  G  protein  mediates  InsP3 
turnover  in  lobster  ORNs,  why  the  apparent  redundancy?   Most 
recently  are  the  report  of  two  different  G  protein  subtypes 
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mediating  inositol  phospholipid  turnover  in  other  systems 
(Voyno-Yasenestskaya  et  al . ,  1989;  Gerwins  and  Fredholm, 
1992) .   Of  particular  interest  are  identified  G  protein 
subtypes  in  smooth  muscle,  where  both  a  toxin  sensitive  and 
toxin  insensitive  protein  are  distinguished  through  separate 
receptor  activation  by  adenosine  and  bradykinin  (Gerwins  and 
Fredholm,  1992)  .   The  coexpression  of  Gqa  and  Goa   subtypes 
within  single  lobster  ORNs  could  explain  the  apparent 
bacterial-toxin  insensitivity  of  the  odor-evoked  inward 
currents:   even  though  Goa  is  potentially  ribosylated, 
rendering  the  G  protein  of  the  transduction  cascade  in  a 
GDP-bound  inactive  state  (Okajima  and  Ui,  1984),  the  active 
odorant  transduction  cascade  utilizing  Gqa  is  unaffected  and 
no  change  in  current  magnitude  is  measurable. 

The  recognition  of  a  40.5  kDa  protein  by  anti-Goa 
specifically  in  the  dendritic  membrane  preparation  rather 
than  in  the  isolated  somata  of  lobster  ORNs,  is  in  keeping 
with  the  olfactory  transduction  elements  being  confined  to 
the  cilia  or  the  analogous  outer  dendritic  membrane  in 
crustaceans  (Nakamura  and  Gold,  1987;  Kurahashi,  1989; 
Firestein  et  al . ,  1990) .   The  binding  of  an  antibody  to  its 
epitope  does  not  confer  perturbation  of  physiological 
function.   Only  anti-Gqa  (Z811-5DE)  and  not  anti-Gq  (E973) 
had  been  previously  demonstrated  to  target  PLC  activity,  as 
witnessed  by  its  ability  to  attenuate  the  hormone  stimulated 
turnover  of  PIP2  (Gutowski  et  al .  ,  1991)  .   As  anti-Goa  was 
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commercially  acquired,  the  mechanism  of  its  discovered  block 
of  excitatory  currents  is  unknown.   It  cannot  be  excluded 
that  antibody  binding  of  G0  acts  to  perturb  a  membrane- 
delimited  modulation  of  ion  channels  (Brown,  1991;  Hille, 
1992a) ,  instead  of  perturbing  the  function  of  the  enzyme 
effector  (PLC) .   Interfering  with  a  mechanism  that  alters 
the  gating  of  K+  channels,  such  as  that  reported  by  Goal, 
would  be  expected  to  target  the  odor-evoked  outward  currents 
that  are  mediated  by  an  underlying  K+  conductance  (Michel  et 
al . ,  1991)  in  these  ORNs,  however,  these  currents  do  not 
change  with  any  anti-G0  perfusion.   If  the  lobster  Goa 
subunit  was  more  like  that  of  a  Goa2  subtype,  then  binding  of 
anti-G0  could  be  suspected  to  interfere  with  a  mechanism 
that  alters  the  gating  of  Ca2+  channels,  such  as  that  of  the 
74  pS  InsP3-gated  channel  (Chapter  6) ,  which  would  be 
consistent  with  the  observed  block  in  odor-evoked  inward 
current . 

Future  experiments  will  certainly  be  directed  at 
sorting  the  complexity  of  the  transduction  elements  in 
lobster  ORNs:   neurons  that  contain  more  that  one  odor- 
evoked  conductance,  G-protein  mediated  response,  second 
messenger,  and  even  more  than  one  type  of  ion  channel  gated 
by  a  given  second  messenger.   Earlier  electrophysiological 
findings  (see  Introduction) ,  recent  evidence  for  at  least 
two  and  maybe  three  second  messenger-gated  ion  channels  in 
the  outer  dendrites  of  ORNs  in   situ    (Ache  et  al . ,  in  press), 
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and  biochemical  cross-receptor  binding  studies  (Michel  et 
al . ,  1992b)  do  not  well  support  an  emerging  theory  in  the 
chemoreceptive  field  of  one  receptor  per  olfactory  receptor 
cell  (Lancet  et  al . ,  1993) .   Two  different  G-proteins 
mediate  inward  odor-evoked  currents  and  presumably  a  third 
as  yet  unidentified  G-protein  must  mediate  the  outward  odor- 
evoked  currents.   In  a  monoclonal  exclusion  model,  as 
proposed  by  Lancet  et  al .  (1993),  this  would  require  a 
single  cell-surface  receptor  type  to  be  linked  to  two  or 
three  different  G  protein  subtypes.   Even  greater  levels  of 
complexity  are  probable  when  considering  iSr  subunit  exchange 
(Casey  et  al . ,  1988),  potential  functioning  of  Sr  dimers 
(Birnbaumer,  1992;  Taussig  et  al . ,  1993)  and  second 
messenger  related  cross-talk  (Bouvier,  1990) .   The  potential 
sorting  of  G  protein-linked  transduction  cascades  across 
cells  or  the  interaction  of  cascades  within  a  cell  may 
provide  an  avenue  for  amplification  and  diversity  in  the 
output  of  an  ORN. 


CHAPTER  5 
I P3 -ACTIVATED  CHANNELS  IN  THE  PLASMA  MEMBRANE 

Introduction 

Adenosine  3 ',5 '-cyclic  monophosphate  (cAMP)  is  now  well 
established  as  a  second  messenger  in  olfactory  transduction 
(reviews:  Anholt,  1991;  Firestein,  1991) .   Since  odors 
rapidly  and  transiently  elevate  levels  of  inositol  1,4,5- 
trisphosphate  (IP3)  in  the  cilia/outer  dendritic  membranes 
of  olfactory  receptor  neurons  (ORNs)  in  fish  (Huque  and 
Bruch,  1986),  rats  and  insects  (Breer  et  al . ,  1990),  IP3 
must  also  be  considered  as  an  olfactory  second  messenger. 

The  relationship  between  phospholipid  and  cyclic 
nucleotide  second  messengers  in  olfactory  transduction  is 
still  obscure.   Odors  that  elevate  IP3  in  ciliary  membrane 
preparations  of  rat  ORNs  fail  to  elevate  cAMP,  and  vice 
versa  (Boekhoff  et  al . ,  1990b;  Breer  and  Boekhoff,  1991), 
suggesting  that  the  two  second  messengers  mediate  different, 
odor-specific  transduction  pathways.   Indeed,  two  distinct 
transduction  pathways  can  be  predicted  in  lobster  and 
amphibian  ORNs,  where  odors  have  been  shown  to  suppress  as 


NOTE:   This  chapter  has  been  accepted  for  publication  and  is 
reprinted  with  permission  from:   Fadool,  D.A.  and  B.W.  Ache. 
1992.   IP3-activated  channels  in  the  plasma  membrane  of 
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well  as  excite  the  cells  via  separate  conductances 
(McClintock  and  Ache,  1989b;  Michel  et  al . ,  1991;  Dionne, 
1992) .   In  lobster  ORNs,  cAMP  mediates  an  inhibitory 
transduction  pathway  that  suppresses  the  output  of  the  cell 
(Michel  and  Ache,  1992b) .   Given  that  IP3  has  been 
implicated  as  an  olfactory  second  messenger  in  at  least  one 
other  species  of  arthropod  (Breer  et  al . ,  1990),  IP3  is  a 
logical  candidate  to  mediate  excitation  in  the  lobster,  but 
the  excitatory  transduction  pathway  in  lobster  ORNs  is 
unknown . 

IP3  is  known  to  release  Ca2+  from  non-mitochondrial 
intracellular  stores  by  binding  to  a  receptor  protein  that 
contains  both  an  IP3  recognition  site  and  a  Ca2+  channel 
(review:   Ferris  and  Snyder,  1992) .   It  is  unclear  whether 
such  IP3  receptors  are  associated  with  the  plasma  membrane 
in  neurons  (Worley  et  al . ,  1987;  Maeda  et  al . ,  1989,  1991; 
Mignery  et  al . ,  1989;  Ross  et  al . ,  1989),  although  IP3 
receptors  occur  in  the  plasma  membrane  of  lymphocytes  (Kuno 
and  Gardener,  1987;  Khan  et  al . ,  1992),  mast  cells  (Penner 
et  al . ,  1988),  and  in  transverse  tubules  (Viven  and 
Coronado,  1988)  .   Evidence  is  beginning  to  implicate  what  is 
perhaps  a  novel  type  of  IP3  receptor  in  the  plasma  membrane 
of  ORNs.   IP3  activates  a  channel  reconstituted  from  the 
cilia  of  catfish  ORNs  (Restrepo  et  al . ,  1990).   The  cilia 
are  enriched  in  a  107  kDa  protein  that  binds  radiolabelled 
IP3,  but  whose  molecular  weight  and  affinity  for  IP3  are 
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less  than  those  reported  for  intracellular  cerebellar  IP3 
receptors  (Kalinoski  et  al . ,  1992).   Preliminary  evidence 
localizes  immunoreactivity  of  an  antibody  directed  against 
cerebellar  IP3  receptors  to  the  cilia  of  rat  ORNs 
(Cunningham  et  al . ,  1992).   As  the  cilia  of  ORNs  are  devoid 
of  organelles,  it  could  be  assumed  that  the  target  of  this 
second  messenger  in  olfactory  neurons  is  a  plasma  membrane 
IP3  receptor. 

Here,  in  this  chapter  I  report  that  IP3  mediates 
excitation  in  cultured  lobster  ORNs  by  directly  gating  ion 
channels  in  the  plasma  membrane.   The  study  provides 
functional  evidence  for  channels  activated  by  IP3  in  the 
plasma  membrane  of  neurons . 

Results 
Macroscopic  Currents 

Introducing  2.4  x  10"5  M  IP3  into  the  cells  through  the 
patch  pipette  evoked  a  prolonged,  inward  current  in  17  of  41 
(42%)  cells,  with  an  average  peak  amplitude  of  35.1  ±  10.4 
pA  (Figure  5-1A)  .   Without  IP3  in  the  pipette,  the  cells 
held  a  steady  baseline  over  the  test  interval  of  4  min. 
These  particular  cells  were  not  tested  for  their  ability  to 
respond  to  odors,  but  the  most  effective  odor  I  have  been 
able  to  test,  an  extract  of  fish  food  (TET  -  see 
Experimental  Procedures) ,  excites  approximately  37%  of 
cultured  ORNs  (see  Chapter  3) .   The  percentage  of  cells 
activated  by  introducing  IP3  through  the  pipette,  therefore, 
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is  consistent  with  the  percentage  of  cells  that  would  be 
expected  to  be  excited  by  odors. 

The  polarity  of  the  IP3- induced  current  matched  the 
polarity  of  the  current  induced  by  TET  (Figure  5 -IB) . 
Introducing  2.4  x  10"5  M  IP3  through  the  patch  pipette 
increased  the  magnitude  of  the  TET-evoked  inward  current  to 
188  ±  12%  of  that  evoked  by  TET  without  IP3  in  the  pipette 

(n=4  sequentially  patched  cells)  (Figure  5-1B) .   It  was  not 
determined  if  higher  concentrations  of  IP3  could  saturate 
the  odor-evoked  inward  current.   The  inward  current  induced 
by  TET  +  IP3  in  all  four  instances  was  substantially  blocked 
by  bathing  the  cells  with  10  /xM  ruthenium  red  (RR  -  a  drug 
reported  to  block  some  IP3-gated  conductances:   Ehrlich  and 
Watras,  1988;  Berridge,  1989),  supporting  a  common  origin  of 
the  IP3-  and  odor- induced  currents  (Figure  5 -IB) . 

The  effect  of  RR  was  selective  for  the  inward  current 

(Figure  5-1C)  .   Bathing  the  cells  in  10  ^iM  RR  significantly 
reduced  the  peak  amplitude  of  the  inward  current  evoked  by 
TET,  proline,  or  betaine  from  an  average  of  19.1  ±  4.0  to 
4.8  ±  4.3  pA  (n=20,  paired  t-test) .   The  drug,  however,  had 
no  significant  effect  on  the  peak  amplitude  of  the  outward 
current  evoked  by  proline,  betaine,  glycine  or  taurine, 
which  averaged  16.4  ±  2.6  pA  before,  and  15.5  ±  6.9  pA 
after,  bathing  the  cells  in  10  yM   RR  (n=35,  paired  t-test) . 
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Unitary  Currents 

TET  transiently  activated  unitary  currents  in  four  of 
21  cell-attached  recordings  (Figure  5-2) .   The  mean 
estimated  chord  conductance  for  the  four  channels  was  86.7  ± 
17.1  pS  (Table  5-1).   The  probability  of  being  open  (Propen) 
for  the  four  odor-activated  channels  increased  from  an 
average  of  0.02  ±  0.001  to  0.11  ±  0.03.   The  channels 
characteristically  had  "flickery"  kinetics  and  opened  in 
long  bursts  averaging  72.2  ±  53.6  msec.   The  mean  open  (t0) 
and  closed  (tc)  times  for  the  four  odor-activated  channels 
were  best  fit  by  double  exponentials  (Table  5-1) . 

Applying  10  7  M  IP3  to  the  inside  face  of  86  cell-free 
patches  activated  unitary  currents  in  63  of  the  patches 
within  100  msec  of  application.   The  patches  typically 
contained  1-3  channels,  although  4  and  5  channels  could  be 
resolved  in  two  of  the  patches,  respectively.   The  channels 
were  of  two  different  types;  in  only  one  instance  were  both 
types  observed  in  a  single  patch  of  membrane.   One  type  of 
channel  (Figure  5-3A)  had  a  mean  slope  conductance  of  73.7  ± 
5.7  pS  and  reversed  polarity  at  2.4  ±  2.2  mV  in  symmetrical 
solutions  (n=12)  (Figure  5-3B) .   The  open  probability 
function  closely  followed  a  Gaussian  distribution  (Figure  5- 
3C)  .   The  Propen  was  between  0.04  and  0.05  from  -90  mV  to  +60 
mV  (Figure  5-3B,  inset)  .   The  mean  open  (t0)  and  closed  (tc) 
times  were  best  fit  by  double  exponentials  (n=20) (Figure  5- 
3D,  Table  5-1) . 


Figure  5-2.   Odor-evoked  Unitary  Currents  in  a  Cell-Attached 

Patch  from  a  Cultured  Lobster  Olfactory  Receptor  Neuron 

(ORN) 

Control :    Unitary  currents  recorded  in  response  to 

"spritzing"  an  ORN  with  normal  patch  solution  to  depolarize 

it. 

+  Odor:   Unitary  currents  recorded  in  response  to 

"spritzing"  an  ORN  with  the  odor  TetraMarin  (TET) .   In  both 

upper  and  lower  traces,  membrane  potential,  -60  mV.   Records 

filtered  at  2  kHz.   In  this  and  subsequent  figures,  "C" 

denotes  closed  state  of  the  channel  whereas  "0"  denotes  open 

state  of  the  channel.   Superposition  in  the  open  state  of 

multiple  channels  in  a  patch  are  numbered  in  subscript. 
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Figure  5-3.   IP3-evoked,  74  pS  Unitary  Currents  in  Inside- 
Out  Patches  of  Membrane  from  Cultured  Lobster  Olfactory- 
Receptor  Neurons 

A)  Basal  current  prior  to  (control)  and  after  (IP3) 
"spritzing"  10"7  M  IP3  on  the  internal  face  of  a  patch. 
Membrane  potential,  -30  mV.   Records  filtered  at  2  kHz.   "C" 
and  "0"  as  defined  in  Fig.  5-2. 

B)  Plot  of  the  current -voltage  relation  of  the  channel  shown 
in  A) .   The  current  reversed  near  zero  in  symmetrical 
solutions  with  a  mean  slope  conductance  of  73.7  ±  5.7  pS 
(n=12) .   Voltage  in  mV  on  the  abscissa  and  current  in  pA  on 
the  ordinate.   Inset:   Probability  of  open  state  (Propen)  of 
the  channel  in  A)  at  different  membrane  potentials. 

C)  Amplitude  histogram  of  9965  open-time  events  from  the 
membrane  patch  in  A) ,  fit  by  a  Gaussian  distribution  with 
mean  and  standard  deviation  of  -1.87  +  0.07  pA. 

D)  Plot  of  the  open-time  distribution  of  2735  events  of  an 
IP3-activated  channel  fit  by  a  double  exponential.   rx  = 
0.38  ±  0.07  msec,  t2  =  2.52  ±  0.43  msec  (n=14).   Closed  time 
distribution  not  shown. 
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The  second  type  of  channel  (Figure  5-4A)  had  a  mean 
slope  conductance  of  3  0.0  +  1.6  pS  and  reversed  polarity  at 
30.2  ±  1.5  mV  in  symmetrical  solutions  (n=16)  (Figure  5-4B) . 
The  open  probability  function  followed  a  Gaussian 
distribution  (Figure  5-4C) ,  but  less  closely  than  that  of 
the  larger  conductance  channel .   The  Propen  of  the  channel 
was  voltage  dependent  and  decreased  from  0.5  to  0.1 
between  -40  and  +40  mV  (Figure  5-4B,  inset) .   The  mean  open 
(t0)  and  closed  (tc)  times  were  best  fit  by  double 
exponentials  (n=32) (Figure  5-4D,  Table  5-1) . 

There  was  no  significant  difference  in  the  distribution 
of  t0  for  the  two  types  of  IP3-activated  channels  and  the 
odor-activated  channels  (one-way  Analysis  of  Variance; 
ANOVA) .   However,  there  was  a  significant  difference  in  the 
distribution  of  tc  for  the  two  types  of  IP3-activated 
channels  compared  to  that  of  the  odor-activated  channels, 
which  could  be  attributed  to  the  second  exponent  (t2)  of  the 
smaller  conductance  channel  (ANOVA,  Student-Newman-Keuls) . 

The  Propen  of  both  types  of  IP3-activated  channels  (n=5, 
each  type)  increased  with  the  concentration  of  IP3  applied 
to  the  patch,  as  would  be  expected  if  IP3  functioned  as  a 
second  messenger.   The  Propen  for  the  larger  conductance 
channel  increased  from  0.04  ±  0.02  at  10"7  M  to  0.25  ±  0.03 
at  10"5  M,  while  the  same  parameter  for  the  smaller 
conductance  channel  increased  from  0.06  ±  0.02  at  10~7  M  to 
0.28  ±  0.13  at  10"5  M.   Concentrations  outside  of  this  range 


Figure  5-4.   IP3-evoked,  30  pS  Unitary  Currents  in  Inside- 
Out  Patches  of  Membrane  from  Cultured  Lobster  Olfactory 
Receptor  Neurons 

A)  Basal  currents  prior  to  (control)  and  after  (IP3) 
"spritzing"  10"7M  IP3  on  the  internal  face  of  a  patch. 
Membrane  potential,  -30  mV.   Records  filtered  at  2  kHz.  "C" 
and  "0"  as  defined  in  Fig.  5-2. 

B)  Plot  of  the  current-voltage  relation  of  the  unitary 
currents  shown  in  A) .   The  current  reversed  between  2  0-30  mV 
in  symmetrical  solutions  with  a  mean  slope  conductance  of 
30.0  +  1.6  pS  (n=16) .   Voltage  in  mV  on  the  abscissa  and 
current  in  pA  on  the  ordinate.   Inset:   Probability  of  open 
state  (Propen)  of  the  channel  in  A)  over  different  membrane 
potentials . 

C)  Amplitude  histogram  of  3699  open-time  events  from  the 
membrane  patch  in  A) ,  fit  by  a  Gaussian  distribution  with 
mean  and  standard  deviation  of  0.65  ±  0.02  pA. 

D)  Plot  of  the  open-time  distribution  of  1737  events  of  an 
IP3-activated  channel  fitted  by  a  double  exponential.  t1   = 
0.49  ±  0.06  msec,  r2  =  6.33  ±  1.64  msec  (n=15).   Closed  time 
distribution  not  shown. 
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were  not  tested.   When  membrane  patches  (n=5)  containing  the 
larger  conductance  channel  were  stimulated  repeatedly  with 
10"5  M  IP3,  so  as  to  continuously  expose  the  channel  to  the 
ligand  for  50  sec,  the  channel  remained  in  the  open  state 
42  ±  12%  of  the  time  and  failed  to  desensitize.   The  smaller 
conductance  channel  was  not  tested  with  continuous 
stimulation . 

Both  the  large  (n=2)  and  the  small  (n=2)  conductance 
channels  were  blocked  by  10  /xM  RR,  consistent  with  the 
pharmacology  of  the  macroscopic  current  (Figure  5-5A) .   The 
blockade  was  partially  reversible  within  5  min  of  washout  of 
the  drug.   Although  not  tested  on  the  macroscopic  current, 
both  the  larger  (n=3)  and  the  smaller  (n=2)  conductance 
channels  were  also  blocked  by  2.5  /zM  heparin,  a  drug  known 
to  block  intracellular  IP3  receptors  (Supattapone  et  al . , 
1988;  Frank  and  Fein,  1991)  (Figure  5-5B) .   Heparin  blockade 
was  fully  reversible  upon  washout. 

Channels  of  both  types  were  insensitive  to  modulation 
by  ATP,  unlike  the  2-4  fold  increases  in  Propen  reported  for 
some  IP3  receptors  (Ehrlich  and  Watras,  1988) .   Co- 
presenting  up  to  50  mM  ATP  with  10"7  M  IP3  failed  to  alter 
the  Propen  (as  reported  above)  of  either  the  larger  (n=3)  or 
the  smaller  (n=4)  conductance  channels  (Signed-Rank  Test) . 

In  one  trial,  it  was  possible  to  successfully  insert  a 
pipette  with  an  inside-out  patch  containing  the  larger 
conductance  channel  taken  from  one  cell  into  a  second  cell 


Figure  5-5.   Ruthenium  Red  (RR)  and  Heparin  Block  of  IP3- 
activated  Channels  in  Inside-Out  Patches  from  Cultured 
Lobster  Olfactory  Receptor  Neurons 

A)  Activity  of  a  channel  of  the  type  shown  in  Fig.  5-4 
induced  by  "spritzing"  10~7  M  IP3  on  the  inside  face  of  the 
patch  (upper  three  traces)  is  abolished  when  10  ^M  RR  is  co- 
presented  with  IP3  (middle  three  traces)  and  partially 
recovers  (lower  two  traces)  when  RR  is  rinsed  and  IP3  re- 
presented.  Membrane  potential,  -60  mV.   Records  filtered  at 
2  kHz.   "C"  and  "0"  as  defined  in  Fig.  5-2. 

B)  Activity  of  a  channel  of  the  type  shown  in  Fig.  5-3 
induced  by  "spritzing"  10"7  M  IP3  on  the  inside  face  of  the 
patch  (upper  three  traces)  is  abolished  when  2.5  /xM  heparin 
is  co-presented  with  IP3  (middle  three  traces) ,  and  recovers 
(lower  three  traces)  when  heparin  is  rinsed  and  IP3  re- 
presented.  Membrane  potential,  -60  mV.   Records  were 
filtered  at  2  kHz.   "C"  and  "0"  as  defined  in  Fig.  5-2. 
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(Figure  5-6) .   "Spritzing"  the  odor  TET  on  the  second, 
recipient  cell  induced  channel  activity  in  the  patch, 
presumably,  although  not  necessarily,  due  to  elevation  of 
intracellular  IP3,  as  illustrated  in  Figure  5-6.   The 
activity  of  the  channel  decreased  over  the  subsequent 
24  sec. 
Immunochemistry  and  Related  Physiology 

A  polyclonal  antibody  raised  against  the  19  C-terminal 
amino  acids  of  a  cDNA  clone  of  a  mouse  cerebellar  IP3 
receptor  (Mignery  et  al . ,  1989  -  kindly  supplied  by  Dr.  P. 
DeCamilli;  Figure  5-7),  immunolabelled  a  band  greater  than 
200  kDa,  as  well  as  several  lower  molecular  weight  bands 
(Figure  5-8A,  left  panel,  left  column) .   Only  the 
immunoreactivity  of  the  greater  that  200  kDa  band  was 
incrementally  blocked  by  preabsorbing  the  antibody  with 
increasing  concentrations  of  a  synthetic  peptide  patterned 
after  the  original  antigen  PCD6  (data  not  shown) .   The 
antibody  also  labeled  a  band  greater  than  200  kDa  in 
membranes  isolated  from  cultured  lobster  ORNs  (Figure  5-8A, 
right  panel,  left  column) .   No  bands  were  observed  in  either 
the  mouse  or  lobster  membrane  preparation  when  the  primary 
antibody  was  replaced  with  non-immune  rabbit  serum  (Figure 
5-8A,  both  panels,  right  columns) .   It  was  not  possible  to 
test  pre -immune  rabbit  serum. 

Introducing  the  antibody  into  the  cell  through  the 
patch  pipette  enhanced  the  odor  (TET) -evoked  inward 
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Figure  5-7.   A  polyclonal  antibody  raised  against  the  19  C- 
terminal  amino  acids  (shaded  portion)  of  a  cDNA  clone  of  a 
mouse  cerebellar  IP3  receptor  was  used  to  localize  the  IP3 
receptor  protein  in  lobster  by  Western  plot  analysis  and 
used  to  perturb  the  magnitude  of  macroscopic  odor-evoked 
currents  and  the  Propen  and  kinetics  of  IP3 -gated  channels  by 
electrophysiological  analysis . 

Modified,  with  permission  from  Ferris  and  Snyder,  1992. 
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current  (Figure  5-8B,  upper  traces) .   The  peak  amplitude  of 
the  odor-evoked  current  increased  an  average  of  427  +  48% 
within  3  min  after  breakthrough  over  that  evoked  without  the 
antibody  in  the  pipette  (5  of  5  sequentially  patched  cells) . 
The  effect  of  the  antibody  increased  slightly  over  the 
3  0  min  following  the  second  breakthrough,  presumably 
reflecting  further  diffusion  of  the  antibody  from  the 
pipette.   The  effect  of  the  antibody  was  selective  for  the 
inward  current  (Figure  5-8B,  lower  traces) .   Introducing  the 
antibody  into  the  cell  failed  to  visibly  alter  the  odor 
(proline,  taurine,  alanine) -evoked  outward  current  (9  of  9 
sequentially  patched  cells) .   Without  antibody  in  the 
pipette,  odor  (TET,  proline,  taurine,  betaine) -evoked 
currents  of  both  polarities  decreased  up  to  43%  of  their 
initial  magnitude  over  the  20-30  min  following  breakthrough. 
To  determine  if  the  effect  on  the  inward  current  was 
specific  for  the  antibody,  another  group  of  cells  was 
single-patched  with  pipettes  that  were  tip-filled  with 
normal  patch  solution  and  backfilled  with  either  heat 
inactivated  antibody  (8  cells) ,  rabbit  serum  (7  cells)  or  an 
antibody  raised  against  Golf  (16  cells;  a  generous  gift  of  R. 
Bruch;  this  antibody  does  not  recognize  any  protein  in 
lobster  ORNs  by  Western  blot  analysis  -  unpublished  data) , 
and  the  protein  allowed  to  diffuse  into  the  cell  for  up  to 
30  min.   All  three  control  proteins  failed  to  visibly  alter 
the  magnitude  of  the  odor-evoked  current  of  either  polarity 
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from  that  observed  without  antibody  in  the  pipette  (arcsin 
transformation  of  percentage  data  followed  by  Student's  t- 
test) .   Using  this  same  technique,  but  backfilling  with  the 
antibody  enhances  the  odor  (TET) -evoked  inward  current  to 
approximately  the  same  extent  observed  in  the  sequentially 
patched  cells  (375  ±  29  %,  4  cells),  suggesting  that  the 
control  proteins  were  able  to  diffuse  into  the  cells  during 
the  experimental  interval .   In  the  absence  of  odor 
stimulation,  the  antibody  had  no  effect  on  the  basal  current 
(data  not  shown) . 

The  antibody  increased  the  ability  of  10"7  M  IP3  to 
activate  unitary  currents  in  4  of  5  cell-free  patches 
(Figure  5-8C)  .   The  antibody  increased  the  Propen  of  all 
channels  in  the  four  patches  (n  =  2  small  and  5  large)  from 
an  average  of  0.11  ±  0.06  to  0.41  ±  0.07  (Figure  5-8D) .   In 
one  patch  that  contained  multiple  channels  (4  large) ,  the 
channels  showed  a  marked  increase  in  superposition  in  the 
presence  of  the  antibody;  from  1-2  of  the  channels  being 
open  78%  of  the  time  to  3-4  of  the  channels  being  open  65% 
of  the  time.   The  antibody  selectively  increased  the 
duration  of  the  second  exponent  (r2)  of  the  mean  open  time 
(t0)  from  0.84  +  0.17  msec  to  19.06  +  9.66  msec;  the  other 
kinetic  parameters  and  the  conductance  were  unaltered  (n=4) . 
In  the  fifth  patch,  the  antibody  first  decreased,  and  then 
blocked,  the  activity  of  a  large  conductance  channel. 
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Discussion 

The  ability  of  odors  to  increase  channel  activity  in 
cell -attached  recordings  argues  strongly  for  the  involvement 
of  a  diffusible  second  messenger  in  the  excitatory 
transduction  pathway.   Second  messenger  mediation  is  also 
consistent  with  evidence  that  the  odor-evoked  inward  current 
in  lobster  ORNs  is  affected  by  probes  directed  against  GTP- 
dependent  proteins  (see  Chapter  4)  that  presumably  would 
link  receptor  activation  to  second  messenger  production. 

Several  findings  argue  that  IP3  is  the  excitatory 
second  messenger.   (1)  IP3  selectively  evokes  macroscopic 
inward  currents,  which  would  be  expected  to  depolarize 
(excite)  the  cells.   (2)  RR  blocks  both  the  odor-evoked 
macroscopic  current  and  the  IP3-gated  unitary  current. 
(3)  An  odor  (TET)  activates  an  IP3-gated  channel  inserted 
into  the  cell,  as  would  be  expected  if  odor-binding  elevated 
the  intracellular  concentration  of  IP3.   Although,  in  the 
latter  instance,  I  cannot  exclude  that  the  odor  altered  the 
intracellular  environment  in  some  way  other  than  elevating 
IP3,  preliminary  findings  suggest  that  altering 
intracellular  pH  from  5-9  and  elevating  [Ca2+]  ±   up  to  3  0  mM 
fails  to  initiate  channel  activity  in  cell-free  patches. 

The  ability  of  IP3  to  elicit  channel  activity  in  cell- 
free  patches  argues  that  IP3  acts  directly  on  the  channels 
and  not  through  activation  of  a  protein  kinase  or  some  other 
additional  step  in  the  transduction  cascade,  since  any 
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soluble  enzymes  or  substrates  required  for  activation  would 
presumably  be  diluted  below  threshold  concentrations  in  the 
bath  shortly  after  patch  excision.   I  cannot  conclude 
directly  that  the  IP3-gated  channels  observed  in  cell-free 
patches  are  the  same  as  the  channels  activated  by  odors  in 
cell-attached  recordings.   My  finding  that  the  unitary 
currents  in  both  recording  configurations  have  similar  mean 
open  times  and  that  both  the  odor-evoked  macroscopic  current 
and  the  IP3-gated  channels  observed  in  cell-free  patches  can 
be  blocked  by  RR  argues  that  the  IP3-gated  channels  observed 
in  cell-free  patches  are  a  component  of  an  IP3-mediated 
excitatory  transduction  cascade. 

Finding  channels  on  the  soma  of  cultured  ORNs  that 
presumably  function  on  the  dendritic  processes  of  these 
cells  in   situ,    would  be  consistent  with  the  finding  that 
cAMP-gated  channels  that  mediate  excitation  in  the  cilia  of 
dissociated  vertebrate  ORNs  also  occur  in  low  density  on  the 
dendrite  and  soma  (Nakamura  and  Gold,  1987;  Firestein  et 
al . ,  1991)  .   Whether  the  IP3-activated  channels  normally 
occur  on  the  soma  of  lobster  ORNs  or  are  inserted  there 
prior  to  relocation  to  the  dendritic  processes  during 
neurite  outgrowth  in  culture  remains  to  be  tested. 

I  conclude  that  IP3  gates  two  different  channels  rather 
than  one  channel  with  two  different  sub-conductance  states, 
as  has  been  reported  for  IP3-activated  channels  in  canine 
cerebellum  or  aortic  smooth  muscle  (Mayrleitner  et  al . , 
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1991;  Watras  et  al . ,  1991).   Save  for  one  patch,  the  large 
and  small  conductance  channels  occurred  in  different  patches 
of  membrane.   Differences  in  the  voltage  dependencies  and 
reversal  potentials  in  symmetrical  ionic  conditions  further 
support  the  conclusion  that  IP3  gates  two  different 
channels.   Since  two  variably  spliced  mRNAs  code  for 
intracellular  IP3  receptors  (e.g.,  mouse  cerebellar  IP3 
receptor  -  Nakagawa  et  al .  1991),  it  would  not  be 
inconsistent  to  have  two  subtypes  of  IP3-activated  channels 
expressed  in  lobster  ORNs . 

The  lack  of  identical  recording  conditions  makes  it 
difficult  to  compare  the  lobster  olfactory  channels  with 
other  reported  IP3-activated  channels  based  on  their 
respective  conductances  (Enrich  and  Watras,  1988;  Restrepo 
et  al.,  1990;  Maeda  et  al . ,  1991;  Mayrleitner  et  al . ,  1991), 
but  the  ability  of  RR  and  heparin  to  block  the  IP3-gated 
channels  in  lobster  ORNs  is  similar  to  the  pharmacological 
properties  of  intracellular  IP3  receptors.   RR  inhibits  IP3- 
activated  channels  in  skeletal  muscle  SR  but  not  in  aortic 
smooth  muscle  (Enrich  and  Watras,  1988) .   Heparin,  which  is 
thought  to  block  the  IP3-binding  site  (Supattapone  et  al .  , 
1988),  acts  in  a  variety  of  cell  types  (Hill  et  al . ,  1987; 
Worley  et  al ,  1987;  Ghosh  et  al . ,  1988;  Kobayashi  et  al . , 
1988;  Komori  and  Bolton,  1990;  Frank  and  Fein,  1991;  Fisher 
et  al . ,  1992) .   The  reversibility  of  the  heparin  block  that 
we  observed  with  washing  has  also  been  reported  in  smooth 
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muscle  (Mayrleitner  et  al . ,  1991)  and  demonstrates  that 
heparin,  which  is  known  to  be  cytotoxic  at  high 
concentrations  (Frank  and  Fein,  1991) ,  did  not  damage  the 
membrane . 

The  IP3-activated  channels  in  lobster  ORNs  differ  from 
intracellular  IP3  receptors  in  their  ATP  dependency.   While 
ATP  failed  to  alter  the  conductance  or  the  mean  open  time  of 
the  channels  in  lobster  ORNs,  it  increases  IP3-induced 
macroscopic  currents  in  aortic  smooth  muscle  SR  (Mayrleitner 
et  al .  ,  1991)  and  the  Propen  of  intracellular  IP3-gated 
channels  (Ehrich  and  Watras,  1988;  Mayrleitner  et  al . , 
1991) .   The  ATP-driven  Ca2+  pump  postulated  to  be  associated 
with  the  IP3-release  mechanism  in  other,  non-sensory  cells 
(Ferris  et  al . ,  1990)  may  not  be  functional  in  sensory 
transduction  and  therefore  not  present  or  active  in  the 
lobster  cells.   Danoff  et  al .  (1991)  report  mRNA  coding  for 
IP3  receptors  in  rat  and  human  that  lack  the  SI I  region  of 
the  channel  protein  that  contains  the  ATP  binding  sites. 
From  my  electrophysiological  data  alone,  I  cannot  assign  the 
apparent  lack  of  modulation  by  ATP  to  protein  variation, 
species  differences  or  olfaction. 

The  IP3-activated  channels  in  lobster  ORNs  presumably 
share  some  structural  homology  with  mammalian  IP3  receptors, 
since  an  antibody  raised  against  a  cDNA  clone  of  a  mammalian 
IP3  receptor  recognized  a  protein  of  similar  size  in  the 
lobster.   The  molecular  weight  (>200K)  of  the  immunolabelled 
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band  in  lobster  ORNs  is  consistent  with  the  size  of 
intracellular  IP3  receptors,  that  are  proposed  to  be  a 
tetramer  of  noncovalently  bound  isomers  with  a 
characteristic  Mr  of  260K  by  SDS-PAGE  analysis  (Mignery  et 
al.,  1989;  Fisher  et  al . ,  1992).   That  the  antibody  is 
binding  to  a  functionally  relevant  molecule  is  suggested  by 
the  ability  of  the  antibody  to  selectively  increase  odor- 
evoked  inward  currents.   The  ability  of  the  antibody  to 
selectively  increase  the  Propen  and  t0  of  IP3-activated 
channels  argues  further  that  the  antibody  targets  the 
channel  to  augment  the  macroscopic  current.   The  antibody 
would  not  necessarily  be  expected  to  target  the 
transmembrane  pore  and  block  ion  flow,  as  it  was  directed 
against  the  19 -amino  acid  carboxyl  terminus  of  the  receptor 
that  DeCamilli  et  al .  (1990)  postulate  is  involved  in  Ca2+ 
sequestration.   Indeed,  a  monoclonal  antibody  targeting  a 
different  epitope  of  the  C-terminus  has  been  shown  recently 
to  block  IP3-  and  Ca2+-induced  release  of  Ca2+  in  fertilized 
hamster  eggs,  suggesting  that  the  C-terminus  can  regulate 
channel  gating  (Miyazaki  et  al . ,  1992)  .   Independent  of 
mechanism,  the  ability  of  the  antibody  to  selectively 
enhance  odor-evoked  inward  currents  independently  of  outward 
currents  provides  further  support  that  IP3  is  the  excitatory 
second  messenger. 

Thus,  from  the  data  presented  in  this  chapter,  I 
conclude  that  the  IP3  receptors  in  cultured  lobster  ORNs  are 
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in  the  plasma  membrane  since  (1)  a  high  percentage  of  cell- 
free  patches  (63  of  86  successful  seals)  taken  from  the 
plasma  membrane  are  directly  activated  by  IP3  and  (2)  an 
antibody  directed  against  a  known  IP3  receptor  alters  IP3- 
activated  unitary  currents  in  cell-free  patches  of  plasma 
membrane.   It  is  not  likely  that  organelles  closely  apposed 
to  the  plasma  membrane  would  be  frequently  drawn  into  the 
patch.   Even  if  this  occurred,  the  plasma  membrane  would 
need  to  be  disrupted  in  order  to  reseal  onto  the  organelle, 
and  the  organelle  membrane  would  need  to  be  recorded  in  the 
outside-out  configuration  for  IP3  to  bind.   Earlier  reports 
differ  on  whether  IP3  receptors  occur  in  the  plasma  membrane 
of  neurons.   In  studies  of  IP3  receptors  in  the  cerebellum, 
Maeda  et  al .  (1989)  localized  the  P400  (IP3)  receptor  to  the 
ER,  postsynaptic  densities  and  the  plasma  membrane,  while 
Ross  et  al .  (1989)  localized  the  receptor  to  the  ER, 
subplasmalemmal  cisternae,  and  nuclear  membrane,  and  NOT  to 
the  plasma  membrane.   Immunogold  labeling  with  the  same 
antibody  used  in  this  report  failed  to  reveal  an  IP3 
receptor  in  the  plasma  membrane  of  cerebellar  neurons 
(Mignery  et  al . ,  1989) .   Yet,  my  conclusion  is  consistent 
with  evidence  emerging  from  studies  of  olfactory  neurons. 
Khan  et  al .  (1992)  identified  a  260  kDa  protein  in  the 
plasma  membrane  of  rat  olfactory  cilia  that  stained  with 
antiserum  to  a  cerebellar  IP3  receptor  in  Western  blots. 
Kalinoski  et  al .  (1992)  photoaf f inity  labeled  a  107  kDa 
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protein  in  the  plasma  membrane  of  catfish  olfactory  cilia 
which  binds  IP3.   Restrepo  et  al .  (1990)  were  able  to 
reconstitute  an  IP3-activated  channel  from  a  membrane 
preparation  of  catfish  olfactory  cilia.   To  the  extent  that 
the  membrane  preparations  used  in  these  studies  are  purely 
ciliary,  these  findings  argue  for  plasma  membrane  receptors 
since  the  cilia  of  ORNs  are  devoid  of  organelles.   Indeed, 
Cunningham  et  al .  (1992)  have  preliminary  evidence  that  an 
immunogold  labelled  antibody  directed  against  a  cerebellar 
IP3  receptor  labels  rat  ciliary  membrane.   The  plasma 
membrane  IP3  receptors  in  olfactory  receptor  cells  may 
represent  a  new  class  of  IP3  receptors  that  share  structural 
homology  with  intracellular  IP3  receptors,  but  are  localized 
to  the  plasma  membrane . 

My  ability  to  record  IP3-activated  unitary  currents  in 
native  plasma  membrane  of  lobster  ORNs  and  to  tie  these 
unitary  currents  to  odor-activated  macroscopic  inward 
currents  directly  implicates  plasma  membrane  IP3  receptors 
in  olfactory  transduction.   I  thereby  conclude  that  odors 
excite  lobster  ORNs  by  increasing  intracellular  IP3,  which 
activates  IP3-gated  channels  in  the  plasma  membrane  of  the 
cell  and  depolarizes  the  cell  in  a  concentration  dependent 
manner.   The  IP3-mediated  transduction  pathway  presumably 
co-exists  in  some  cells  with  a  second,  cAMP-mediated  pathway 
that  hyperpolarizes  the  cell  and  modulates  the  magnitude  of 
excitation  to  reflect  the  particular  ratio  of  excitatory  and 
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inhibitory  odor  components  in  an  odor  blend  (Michel  et  al . , 
1991;  Michel  and  Ache,  in  press) .   Having  two,  parallel 
transduction  pathways,  one  mediated  by  IP3  and  the  other  by 
cAMP,  allows  the  lobster  ORN  to  serve  as  an  integrating 
unit.   The  ability  of  olfactory  receptor  cells  with  parallel 
transduction  pathways  to  integrate  information  about  the 
composition  of  odor  blends  may  be  integral  to  odor  coding, 
as  suggested  by  Reed  (1992) ,  and  may  explain  why  odors 
activate  both  IP3-  and  cAMP-mediated  second  messenger 
pathways  in  animals  as  phylogenetically  diverse  as 
arthropods,  fish  and  mammals,  as  noted  in  the  Introduction. 

Experimental  Procedures 
Solutions 

Panulirus   saline  (PS)  consisted  of  (in  mM) :   458  NaCl , 
13.4  KCL,  9.8  MgCl2,  13.6  CaCl2,  13.6  Na2S04 ,  3  HEPES,  and 
2  glucose;  pH  7.4.   Modified  L15  Media  consisted  of:   50  ml 
Liebowitz  L15  stock,  50  ml  of  1.6  times  the  normal 
concentration  of  PS,  0.6  g  dextrose,  0.026  g  L-glutamine, 
and  0.01%  gentamicin.   Phosphate-sucrose  buffer  (PSB) 
consisted  of  (mM) :   10  Na2P04  and  250  sucrose;  pH  7.3. 
Homogenization  buffer  (HB)  consisted  of  (mM) :   320  sucrose, 
10  Tris  base,  50  KC1 ,  and  1  EDTA.   Tris  buffered  saline 
(TBS)  consisted  of  (mM) :   50  Tris  HCl,  150  NaCl ;  pH  7.5. 
Tween-TBS  (TTBS)  was  made  by  adding  0.1%  Tween-20  to  TBS. 
Blotting  buffer  (BB)  consisted  of  (mM) :   25  Tris  HCl, 
192  glycine,  plus  0.1%  SDS  and  10%  methanol.   Normal  patch 
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solution  consisted  of  (mM) :   30  NaCl ,  11  EGTA,  10  HEPES, 
1  CaCl2/  180  K-acetate,  and  696  glucose;  pH  7.0.   Ruthenium 
red  (10  fim)    and  heparin  (2.5  [im)    were  prepared  fresh  daily. 

Odors  were  an  aqueous  extract  of  TetraMarin,  a 
commercial  flake  fish  food  (Tetra  Werke,  Melle,  FRG)  and 
solutions  of  d-alanine,  betaine,  glycine,  1-proline  and 
taurine;  compounds  known  to  be  adequate  stimuli  for  the 
chemoreceptors  of  aquatic  organisms  such  as  lobsters  (Carr, 
1988) .   A  stock  extract  of  TetraMarin  (TET)  was  made  by 
mixing  2  gm  dry  flakes  in  60  ml  saline,  centrifuging  the 
resulting  suspension  at  1400  g,  filtering  it  through  Whatman 
#3  filter  paper,  adjusting  it  to  pH  7.4,  and  storing  it 
frozen  in  5  ml  aliquots.   The  stock  extract  was  thawed  and 
diluted  1000-fold  in  either  PS  or  culture  media,  as 
appropriate,  just  prior  to  use  and  applied  at  that 
concentration.   The  pure  compounds  were  prepared  fresh  as 
10"3  M  solutions  in  either  PS  or  culture  media,  as 
appropriate,  adjusted  to  pH  7.4,  as  needed,  and  applied  at 
that  concentration. 

All  drugs  and  chemicals  were  obtained  from  Sigma 
Chemical  Co,  except  for  the  culture  media.   Sources  for  the 
culture  media  and  supplements  are  listed  in  Fadool  et  al . 
(1991b) . 
Tissue  Culture 

Distinct  clusters  of  ORNs  were  dissected  from  the 
olfactory  organs  (lateral  antennular  filaments)  of  adult 
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specimens  of  the  Caribbean  spiny  lobster,  Panulirus   argus , 
and  enzymatically  dissociated.   The  resulting  cells  were 
sustained  in  primary  culture  as  described  previously  (see 
Chapter  2).   Briefly,  the  isolated  clusters  were  incubated 
for  50  min  at  80  rpm  on  an  orbital  shaker  in  0.2  micron 
filter-sterilized  solution  of  2.5  mg  papain  and  12  mg  L- 
cysteine  in  10  ml  Panulirus   saline  (PS)  containing  1% 
penicillin,  streptomycin  sulfate,  and  amphotericin  B 
(Gibco) .   Proteolytic  digestion  was  stopped  by  replacing  the 
enzyme  solution  with  low  glucose  L-15  media  supplemented 
with  L-glutamine,  dextrose,  fetal  calf  serum,  and  BME 
vitamins.   Cells  were  immediately  plated  on  poly-d-lysine- 
coated  glass  coverslips.   Cells  were  maintained  at 
saturation  humidity  in  a  modular  incubator  chamber  (Billups- 
Rothenberg)  at  24°C. 
Electrophysiology 

The  cultured  cells  were  viewed  at  40X  magnification 
with  Hoffman  optics  for  patch-clamp  recording  (Hamill  et 
al . ,  1981).   Patch  electrodes,  fabricated  from  1.8  mm  O.D. 
borosilicate  glass  and  fire  polished  to  a  tip  diameter  of 
approximately  1.0  /im  (bubble  number  4.8;  Mittman  et  al .  , 
1987),  produced  seal  resistances  between  8  and  14  GQ.   The 
electrodes  were  uncoated.   Signals  were  amplified  with  an 
integrating  patch  amplifier  (Dagan  3900)  . 

Macroscopic  currents  were  recorded  in  the  whole-cell 
configuration  at  a  holding  potential  of  -60  mV,  unless  noted 
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otherwise,  using  normal  patch  solution  in  the  pipette.   The 
analog  records  were  filtered  at  5  kHz  and  digitally  sampled 
every  4  msec  (every  240  msec,  in  one  noted  instance)  for 
subsequent  processing  on  an  IBM-compatible  computer  using 
pCLAMP  software  (Axon  Instruments).   The  compact,  spherical 
shape  of  the  cultured  cells  (see  Chapter  2)  facilitated 
obtaining  an  effective  space  clamp  on  most  cells.   Odors  and 
membrane  permeant  probes  were  "spritzed"  on  the  cells  for 
120  msec  from  a  six  barrel  glass  micropipette  coupled  to  a 
pressurized  valve  system  (Picospritzer ,  General  Valve) .   The 
concentration  of  odors  and  probes  delivered  in  this  manner 
are  reported  as  the  pipette  concentration;  no  attempt  was 
made  to  correct  for  dilution.   In  order  to  compare  the 
effect  of  impermeant  probes  on  cell  activity,  cells  were 
sequentially  patched,  first  without,  then  with  the  probe  in 
the  pipette  in  order  to  provide  a  within-cell  control. 
There  was  no  noticeable  effect  on  the  response  of 
sequentially  patched  cells  to  odor  or  voltage  stimulation  in 
the  absence  of  any  experimental  manipulation. 

Unitary  currents  were  recorded  in  either  the  cell- 
attached  or  (primarily)  the  cell-free,  inside-out 
configuration.   The  normal  patch  pipette  solution  was  a 
potassium  acetate  patch  solution  (see  solutions) ;  both  faces 
of  the  patch  were  exposed  to  symmetrical  solutions.   The 
analog  records  were  filtered  at  2  kHz  and  recorded  on 
videotape.   On  playback,  the  records  were  sampled  every 
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100  //sec  for  processing  on  an  IBM-compatible  computer,  also 
using  pCLAMP  software  (Axon  Instruments) .   Probes  were 
"spritzed"  on  the  inner  face  of  the  patch  for  550  msec  from 
the  multibarreled  pipette  mentioned  above. 

All  results  are  presented  as  the  mean  +  standard  error 
of  the  mean.   Statistical  significance  was  calculated  at  the 
95%  confidence  level. 
Immunochemistry 

Mouse  cerebellum  was  isolated  then  diced  in  chilled 
phosphate  sucrose  buffer  (PSB) .   Thirty-six  hour  cultured 
ORNs  were  scraped  with  a  rubber  policeman,  centrifuged  below 
1,000  RPM  for  2  min  at  4°C,  and  removed  from  media  without 
disrupting  the  cells.   Both  tissues  were  individually 
homogenized  in  chilled  homogenization  buffer  (HB) ,  either 
with  50  strokes  by  mortar  and  pestle  (Wheaton,  Size  B)  or 
2  min  by  a  Kontes  tissue  grinder  in  microcentrifuge  tubes, 
and  then  tip  sonicated  (Heat  systems,  Ultrasonics  Inc., 
W-220)  three  times  for  15  s  at  a  #3  setting  while  iced. 
Homogenates  were  centrifuged  twice  at  5,000  RPM  for  30  min 
at  4°C.   The  respective  supernatants  were  combined  and 
centrifuged  (Beckman  L70  Ultracentrifuge)  at  38,000  RPM  for 
2.5  h  at  4°C.   The  recovered  pellets  were  resuspended  in  HB 
by  bath  sonification  (Heat  systems,  Ultrasonics  Inc.,  W-225) 
three  times  for  15s  at  a  #5  setting  and  frozen  at  -80  °C 
until  use. 


176 

Protein  was  determined  by  a  Bradford  photometric  assay. 
Twenty  to  twenty- five  micrograms  of  the  membrane  preparation 
was  separated  at  constant  current  (25  mA;  3  h)  on  a  5-15% 
gradient  SDS  electrophoretic  gel  (0.55  mm,  29:1 
acrylamide/bis-acrylamide) .   Proteins  were  transferred  to 
nitrocellulose  in  a  modified  blotting  buffer  (BB)  at  0.5  mA 
for  3.5  h.   Nitrocellulose  membrane  was  soaked  twice  for 
10  min  in  Tween-tris  buffered  saline  (TTBS) .   Non-specific 
binding  was  blocked  by  incubating  the  membrane  for  3  0  min 
with  2.5%  Carnation  dry  milk  in  TTBS.   The  nitrocellulose 
membrane  was  then  incubated  for  15  h  at  4°C  with  a 
polyclonal  antibody  (1:200)  raised  against  the  19  C- terminal 
amino  acids  of  a  cDNA  clone  of  a  mouse  cerebellar  IP3 
receptor  (Mignery  et  al . ,  1989;  Figure  5-7),  washed  twice 
for  10  min  in  TTBS  to  remove  unbound  antibody,  and 
reincubated  for  2  h  with  a  1:250  dilution  of  peroxidase- 
conjugated  goat  anti-rabbit  secondary  antibody  (Boehringer 
Mannheim).   Gels  were  visualized  with  4 -chloro-1-naphthol 
color  reagent  activated  by  30%  H202  in  tris  buffered  saline 
(TBS)  and  2  0%  methanol. 

In  control  experiments,  membrane  preparations  (750  /xg 
total  protein)  were  separated  with  a  continuous  front,  8% 
gradient  SDS  electrophoretic  gel.   Proteins  were  transferred 
to  nitrocellulose,  as  previously,  but  were  subsequently 
incubated  with  preabsorbed  antibody.   The  antibody  was 
preabsorbed  by  incubating  the  antibody  for  3  0  min  on  ice 
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with  10:1,  1:1,  0.1:1,  0.01:1,  and  0:1  molar  ratios  of  the 
peptide  PCD6  (Mignery  et  al . ,  1989;  the  last  19C  terminal 
amino  acids)  to  antibody.   Following  incubation,  the  samples 
were  centrifuged  below  1,000  RPM  for  30  min  at  4°C  to  remove 
particulates  and  antibody-peptide  complexes.   The  respective 
supernatants  were  applied  as  200  /il  samples  using  a 
miniblotter . 


CHAPTER  6 
ION  SELECTIVITY  AND  MODULATION  OF  IP3 -ACTIVATED  CHANNELS 

Introduction 

Across  a  broad  range  of  species,  odor-evoked  second 

messenger  molecules  (Breer,  Boekhoff,  and  Tareilus,  1990; 

Ronnett,  Cho,  Hester,  Wood,  and  Snyder,  1993;  Ache,  Hatt, 

Breer,  and  Zufall,  in  press)  directly  gate  ion  channels  in 

olfactory  receptor  neurons  (ORNs)  to  create  a  change  in 

membrane  potential  (Nakamura  and  Gold,  1987;  Suzuki,  199  0; 

Restrepo,  Miyamoto,  Bryant,  and  Teeter,  1990;  Firestein, 

Zufall,  and  Shepherd,  1991;  Kurahahi  and  Kaneko,  1991; 

Zufall,  Firestein,  and  Shepherd,  1991;  Fadool  and  Ache, 

1992a) .   Recent  evidence  strongly  supports  the  inositol 

phosphate  pathway  in  olfactory  transduction,  in  addition  to 

the  earlier  supported  role  of  cyclic  nucleotides  (Reviews: 

Firestein,  1992;  Reed,  1992;  Ronnett  and  Snyder,  1992). 

Odors  rapidly  and  transiently  elevate  levels  of  InsP3  in 

olfactory  cilia  of  catfish  (Fitzgerald,  Restrepo,  and 

Bryant,  in  press)  and  rats  (Breer,  et  al . ,  1990)  and  in  the 

outer  dendrites  of  lobsters  (Ache  et  al . ,  in  press); 


NOTE:   This  chapter  will  be  submitted  to  J.  Gen.  Physiology 
and  is  formatted  to  meet  its  style  regulations. 
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functionally  equivalent  structures  that  are  the  site  of 
transduction  in  olfactory  receptor  cells  (Nakamura  and  Gold, 
1987;  Kurahashi,  1989;  Firestein  et  al . ,  1990).   InsP3 
receptors  can  be  reconstituted  from  olfactory  cilia  in 
catfish  (Restrepo  et  al . ,  1990)  and  immunocyto- chemically 
localized  to  these  same  structures  in  rats  (Cunningham, 
Reed,  Ryugo,  Snyder,  and  Ronnett,  1992) .   Known  blockers  of 
InsP3-gated  channels  in  other  systems  block  odor-evoked 
currents  in  olfactory  receptor  cells  in  catfish  and  lobster 
(Restrepo  et  al . ,  1990;  Fadool  and  Ache,  1992a). 

An  olfactory  specific  InsP3-receptor  has  not  yet  been 
cloned,  but  InsP3  receptors  involved  in  olfactory 
transduction  clearly  differ  from  cerebellar  InsP3  receptors 
mediating  Ca2+  mobilization  in  the  endoplasmic  reticulum 
(Review:   Berridge,  1993) .   Most  obvious  is  that  olfactory 
InsP3  receptors  are  plasma  membrane  receptors  (Cunningham  et 
al.,  1992;  Fadool  and  Ache,  1992a;  Khan,  Steinter,  Snyder, 
1992)  .   The  olfactory  InsP3  receptor  in  catfish  binds  InsP3 
and  InsP4  with  equal  affinity  (Kalinoski,  Aldinger,  Boyle, 
Huque,  Marecek,  Prestwich,  and  Restrepo,  1992)  in  contrast 
to  the  specificity  of  the  cerebellar  InsP3  receptor  which 
binds  other  metabolites,  including  InsP4,  only  at  high 
concentrations  and  with  low  affinity  (e.g.  Ferris,  Huganir, 
Supattapone,  and  Snyder,  1989).   Functionally,  however, 
olfactory  InsP3  channels  in  catfish,  rat,  and  lobsters  are 
selectively  gated  by  InsP3  (Restrepo  et  al .  ,  1990;  Restrepo, 
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Teeter,  Honda,  Boyle,  Marecek,  Prestwich,  and  Kalinoski, 
1992;  Fadool  and  Ache,  1992a,  1993b) .   Unlike  cerebellar 
InsP3  receptors  (Ferris,  Huganir,  and  Snyder,  1990;  Maeda, 
Kawasaki,  Nakade,  Yokota,  Taguchi ,  Kasai,  and  Mikoshiba, 
1991;  Watras,  Bezprozvanny,  and  Ehrlich,  1991),  olfactory 
InsP3-activated  channels  are  not  modulated  by  ATP  (Fadool 
and  Ache,  1992b) ,  are  blocked  by  both  heparin  and  ruthenium 
red  (RR)  (Restrepo  et  al . ,  1990;  Fadool  and  Ache,  1992a), 
and  do  not  appear  to  have  multiple  conductance  states 
(Fadool  and  Ache,  1992a) .   Certain  transduction  elements 
have  been  cloned  and  shown  to  be  expressed  in  a  highly 
olfactory  specific  manner  making  the  likelihood  of  an 
olfactory  specific  InsP3  receptor  highly  probable.  Examples 
of  such  elements  include  the  G-protein,  Golf  (Jones  and  Reed, 
198  9;  Jones,  19  90;  Jones,  Masters,  Bourne,  and  Reed,  1990) 
or  the  olfactory  cyclic  nucleotide  gated  channel  (Dhallan, 
Yau,  Schrader,  and  Reed,  1990;  Ludwig,  Margalit,  Eisman, 
Lancet,  and  Kaupp,  1990;  Goulding,  Ngai,  Kramer,  Colicos, 
Axel,  Siegelbaum,  and  Chess,  1992) . 

There  are  two  different  InsP3  channels  in  the  soma 
membrane  of  cultured  lobster  ORNs ,  both  of  which  potentially 
are  involved  in  olfactory  transduction  (Chapter  5) .   Lobster 
ORNs  in  culture  appear  to  express  the  elements  of  the 
transduction  cascade  in  the  soma  (Chapters  2-5) .   These 
channels,  which  only  rarely  occur  in  the  same  patch  of 
membrane,  differ  in  mean  conductance  (30  pS  and  74  pS) , 
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voltage  sensitivity,  and  mean  closed  time  (tc)  kinetics,  but 
have  similar  pharmacology  to  RR  and  heparin,  concentration 
dependency,  and  similar  altered  gating  when  bound  to  an 
antibody  directed  against  the  carboxyl  terminus  of  a 
cerebellar  InsP3  receptor  (Chapter  5) .   In  this  chapter  I 
further  characterized  the  biophysical  properties  of  the  two 
types  of  InsP3-gated  channels  in  cultured  lobster  ORNs  to 
better  understand  any  functional  difference  between  the  two 
olfactory  InsP3-gated  channels,  and  the  role  of  the  inositol 
phosphate  pathway  in  olfactory  transduction  in  general. 

The  data  demonstrate  that  the  large  (74  pS) -  and  small 
(30  pS) -conductance  InsP3-gated  channel  respond  similarly  to 
increased  Ca2+  or  pH;  have  analogous  long  open  modal  gating 
patterns;  comparable  pharmacology  with  respect  to  TTX,  TEA, 
ruthenium  red,  and  Co/Cd;  and  nearly  identical  ionic 
selectivity,  predominantly  that  of  non-selective  cation 
channels.    This  chapter  provides  a  comparison  of  the 
olfactory  InsP3-gated  channels  with  the  cerebellar  InsP3- 
gated  channels.   Speculation  as  to  significance  of  the 
apparent  redundancy  in  having  more  than  one  channel  gated  by 
the  same  second  messenger  is  offered  in  the  discussion. 

Materials  and  Methods 
Solutions 

The  compositions  of  Panulirus   saline  (PS) ,  and  patch 
electrode  (PE)  and  bath  solutions  are  listed  in  Table  6-1. 
Modified  L15  Media  consisted  of:   50  ml  Liebowitz  L15  media, 


182 


(in  mM) 

NaCl 

EGTA 

HEPES 

CaCh 

CH3COOK 

KG 

BaCh 

MgCl2 

CsCh 

ChCh 

Glucose 

Control   KA  Patch 

30 

11 

10 

1 

180 

696 

Ca  Patches 

30 

10 

0.001  to 
30 

180 

595  to  699 

Ba  Patch 

10 

180 

30 

655 

Panulirus  saline 
(PS) 

460 

10 

13 

13 

10 

Na  [P3  Bath 

480 

20 

0.1 

1.7 

NalOOCs  Bath 

380 

20 

0.1 

100 

1.7 

CaBath 

10 

60 

420 
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50  ml  of  1 . 6X  normal  concentration  of  PS,  0 . 6g  dextrose, 
0.026  g  L-glutamine,  and  0.01%  gentamicin.   Tetrodotoxin 
(TTX,  1  /iM)  as  well  as  all  control  and  modified  InsP3 
solutions  were  made  up  in  PE  as  concentrated  stock  solutions 
and  stored  frozen  at  -20°C  until  use.   Single  aliquots  of 
InsP3  were  thawed  and  diluted  in  PE  to  a  working 
concentration  of  2.4  x  10~7  M.   Care  was  taken  during 
storage  and  use  of  InsP3  to  minimize  its  exposure  to  light, 
as  its  sensitivity  to  degradation  is  suspected.   pH-modified 
InsP3  solutions  are  estimates  to  within  ±  0.5  pH  unit  based 
upon  litmus  paper  reaction.   Ten  micromolar  ruthenium  red 
(RR)  was  prepared  by  grinding  0.55  mg  (MW=551)  of  RR  (=38% 
dye  content)  into  10  ml  PS  until  visibly  reconstituted. 
Solution  was  then  filtered  (0.2  /zm)  to  remove  any 
particulates.   As  the  precise  dye  content,  molecular  weight, 
and  solubility  of  this  product  are  unknown,  10  /iM  RR 
represents  an  upper  limit  estimate  of  concentration. 
Thapsiagargin  was  stored  in  a  concentrated  EtOH  solution 
at  -20°C  until  use,  and  then  diluted  with  PS  to  a  working 
concentration  of  8  x  10^7  M.  Tetraethylammonium  (TEA,  5  mM) 
and  Co/Cd  (5  mM  each)  were  made  as  needed  in  either  culture 
media  or  PE  as  appropriate  for  whole-cell  or  single-channel 
recording,  respectively. 

Odorants  consisted  of  either  single  components  (10~3  M) 
made  daily  in  PS:  taurine,  betaine,  1 -proline,  1-arginine, 
or  1 -glycine,  AMP,  or  a  complex  odorant  mixture,  TetraMarin 
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(TET) ,  a  marine  fish  food.   A  stock  extract  of  TET  was  made 
by  mixing  2  gm  dry  flakes  in  60  ml  saline,  centrifuging  the 
resulting  suspension  at  1400  g,  filtering  it  through  Whatman 
#3  filter  paper,  adjusting  it  to  pH  7.4,  and  storing  it 
frozen  in  5  ml  aliquots.   The  stock  was  thawed  and  diluted 
1:1000  in  either  culture  media  or  PE  as  appropriate  for 
whole-cell  or  single-channel  recording,  respectively. 

Sources  for  the  culture  media  and  supplements  are 
listed  in  Chapter  2.   All  salts,  amino  acids,  TEA,  Co/Cd, 
RR,  and  InsP3  were  obtained  from  Sigma  Chemical  Company. 
Thapsiagargin  was  purchased  from  Calbiochem. 
Animals 

Adult  specimens  of  the  Caribbean  spiny  lobster, 
Panulirus   argus ,  were  collected  in  the  Florida  Keys  and 
maintained  in  the  laboratory  in  a  running  seawater.   Animals 
were  fed  a  mixed  diet  of  frozen  fish,  squid,  and  shrimp. 
Tissue  Culture 

The  distinct  clusters  of  olfactory  (aesthetasc) 
receptor  neurons  (ORNs)  were  dissected  from  the  olfactory 
organ  (lateral  antennular  filament)  of  adult  specimens  of 
the  Caribbean  spiny  lobster,  Panulirus   argus.      The  clusters 
were  enzymatically  dissociated,  and  the  resulting  cells 
sustained  in  primary  culture  as  described  previously 
(Chapters  2-5) .   Briefly,  the  isolated  clusters  were 
incubated  for  50  min  at  80  rpm  on  an  orbital  shaker  in 
0.2  micron  filter-sterilized  solution  of  2.5  mg  papain  and 
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12  mg  L-cysteine  in  10  ml  Panulirus   saline  (PS)  containing 
1%  penicillin,  streptomycin  sulfate,  and  amphotericin  B 
(Gibco) .   Proteolytic  digestion  was  stopped  by  replacing  the 
enzyme  solution  with  low  glucose  L-15  media  supplemented 
with  L-glutamine,  dextrose,  fetal  calf  serum,  and  BME 
vitamins.   Cells  were  immediately  plated  on  poly-d-lysine- 
coated  glass  coverslips.   Cells  were  maintained  at 
saturation  humidity  in  a  modular  incubator  chamber  (Billups- 
Rothenberg)  at  24°C. 
E 1 ec trophy siology 

Patch  electrodes  were  fabricated  from  1.8  mm  O.D. 
borosilicate  glass  and  fire  polished  to  a  tip  diameter  of 
approximately  1.0  /im  (bubble  number  4.8;  Mittman,  Flaming, 
Copenhagen,  and  Belgum,  1987) .   High  resistance  seals  of 
between  8  and  14  GQ  were  obtained.   Cells  were  viewed  at  40X 
magnification  with  Hoffman  optics. 

Unitary  currents  were  recorded  from  cell -free  patches 
of  the  soma  plasma  membrane  in  the  inside-out  configuration. 
All  patches  were  voltage-clamped  at  -60  mV  holding 
potential,  unless  noted  otherwise.   The  unitary  currents 
were  recorded  with  an  integrating  patch-clamp  amplifier 
(Dagan  3  900),  filtered  at  2  kHz,  and  captured  on  videotape. 
On  playback,  the  analog  records  were  sampled  every  100  /^sec 
for  processing  on  an  IBM-compatible  computer,  using  pCLAMP 
software  (Axon  Instruments) .   InsP3  solutions  were 
"spritzed"  on  the  inner  face  of  the  patch  for  550  msec  from 
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a  seven  barrel  glass  micropipette  (Frederick  haer)  coupled 
to  a  single  pressurized  valve  system  (Picospritzer ,  General 
Valve)  via  a  6 -way  rotary  valve  as  previously  described 
(Chapter  2) .   The  normal  patch  pipette  solution  was  a 
potassium  acetate  patch  solution  (KA  patch,  Table  1) ;  both 
faces  of  the  patch  were  exposed  to  symmetrical  solutions 
unless  noted  otherwise. 

Odor-activated  macroscopic  currents  were  recorded  by 
patch-clamping  the  ORNs  in  the  whole-cell  configuration  and 
were  also  held  at  -60  mV  membrane  potential.   Odorants  and 
membrane  permeant  pharmacological  probes  were  "sprit zed"  for 
120  msec,  as  described,  with  the  exception  of  the  Ca2+- 
ATPase  pump  inhibitor,  thapsiagargin,  which  was  applied  to 
the  culture  medium  2  hours  prior  to  patch-clamp  recording. 
Macroscopic  currents  were  filtered  at  10  kHz  and  sampled 
every  4  msec . 

Data  are  reported  as  the  mean  ±  the  standard  error  of 
the  mean  (SEM) .   For  statistical  comparisons,  significance 
was  defined  at  the  95%  confidence  level. 

Results 
Effect  of  pH  on  InsP3-activated  Channel  Gating 

To  determine  whether  free  hydroxide  concentration  could 
affect  the  gating  of  InsP3-activated  channels,  pH  modified 
solutions  of  2.4  x  10"7  M  InsP3  were  applied  to  the  inside 
face  of  6  cell -free  patches  of  ORN  membrane.   Both  channels 
were  pH  insensitive  between  pH  6  and  pH  8 .   The  open 
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probability  (Propen)  of  the  30  pS  InsP3-gated  channel  then 
increased  between  pH  8  and  11  from  0.05  ±  0.03  to  0.62  ± 
0.08;  a  change  of  approximately  12  fold  (n=4).   The  74  pS 
InsP3-gated  channel  showed  a  similar  increased  Propen  between 
pH  8  and  11  from  0.07  ±  0.02  to  0.36  ±  .14;  a  change  of 
approximately  5  fold  (n=2)  (Figure  6-1) . 
Appearance  of  Modal  Patterns  Differing  in  Gating  Kinetics 

In  approximately  ten  percent  of  all  patches  recorded 
(11  of  110) ,  both  the  30  (Figure  6-2)  and  74  pS  InsP3-gated 
channel  (data  not  shown)  entered  long  duration  open  modes. 
Channels  left  their  most  observed  state  (Propen  =  0.33)  and 
entered  one  of  three  kinetically  different  modes.   Modes 
were  defined  based  on  cutoff  open  probability  as  follows; 
Mode  1,  Propen  was  >  0.90,  Mode  2,  the  channel  maintained  a 
sustained  open  state  (Propen  =  1.0)  for  a  second  or  longer, 
and  Mode  3,  Propen  was  <  0.15. 

The  different  patterns  of  gating  can  be  attributed  to 
the  mean  open  and  closed  dwell -time  in  both  the  3  0  and  74  pS 
InsP3-gated  channels  (Figure  6-3) .   The  sampling  size  of  the 
mean  open  (t0)  and  closed  time  (tc)  for  channel  modes  varied 
because  not  all  11  patches  contained  all  three  modal 
patterns  and  because  reliable  estimates  of  t0  and  tc  could 
not  be  made  for  modes  having  extremely  low  Propen  or  long 
open  durations.   This  small  sampling  size,  prevented 
statistical  comparison  of  the  mean  open  or  closed  duration 
across  modes  and  between  the  two  conductance  channels. 


Figure  6-1.   Effect  of  pH  on  the  gating  of  inositol  1,4,5- 
trisphosphate  (InsP3)  -  activated  ion  channels  in  lobster 
olfactory  receptor  neurons  (ORNs) . 

(A)  Unitary  currents  of  the  large -conductance  (74  pS) 
InsP3-gated  channel  at  increasing  pH  values.   Channel 
activity  was  recorded  by  applying  2.4  x  10"7  M  InsP3  to  the 
inside  face  of  cell-free  patches  of  membrane  voltage-clamped 
at  -60  mV.   Pipette  and  bath  solution  was  symmetrical  = 
control  KA  patch  (see  Table  1)  .   Open  probability  (Propen)  , 
calculated  from  curve-fit  amplitude  histogram  distributions 
of  these  records,  is  reported  on  the  right.   C=  closed 
state,  0=  open  state. 

(B)  Line  graph  showing  mean  ±  SEM  Propen  for  the  small  (3  0 
pS) - (--A--A--) (n=4)  and  large  (74  pS) - (--■--■--)  (n=2) 
conductance  InsP3-gated  channel  as  a  function  of  pH . 
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Figure  6-2.   Unitary  currents  of  the  small-conductance 
InsP3-gated  channel  in  lobster  ORNs  shown  expressing  three 
different  kinetics:   Mode  1  =  long  open  duration,  Propen  > 
0.9  0;  Mode  2  =  maintained  open  state,  Propen  =  1.0;  Mode  3  = 
long  closed  state  with  rapid  flicker  to  open  state,  Propen  = 
0.15.   The  most  observed  kinetic  state  (Mt  Obs)  is  shown  for 
comparison  (Propen  =  0.33)  .   Similar  mode  behavior  is 
observed  in  the  large-conductance  InsP3-gated  channel  (data 
not  shown)  .   C,  O,  Propen,  recording  conditions  and 
configuration  as  in  Figure  6-1. 


191 
Most  Observed  State 

tuttt rnr¥ti¥TT~" lT™  c0 


WiKyifl 


\»y'  W.*WiWt»         W    ***,  y  ,'i^.i.KTiW*  l#*flff»»»  lV*J**.W  '(WttVt'i  W  >-iW.t»  ■  «  ■  ^«.»i,-Vt...^l*»'l  .nW,-*-.^!  (M»'.>,  Mf-'-rTV  i  >>-  ■  nyyj  ■  ,»<y. 


Mode  1 

I  I  llprW,^^ 


Mode  2 

C 


Mode  3 

2  pA  I 


Figure  6-3.   Histogram  of  the  mean  open  (t0)  and  close  (tc) 
times  of  the  small-  (striped  bar)  and  large-  (solid  bar) 
conductance  InsP3-gated  channels  as  a  function  of  mode. 
Data  were  calculated  based  on  single  exponential  fits  of  the 
open  and  closed  dwell-time  histogram  after  separating  into 
Mode  1  (Propen  >  0.90),  Mode  2  (Propen  =  1.0,  and  Mode  3  (Propen 
<  0.15  with  flickery  transitions) .   The  most  observed  state 
(mt  obs ;  Propen  «  0.33)  is  shown  for  comparison.   Error  bar  ± 
SEM  for  sample  size  as  noted.   Note  that  values  for  Mode  2 
were  divided  by  100  to  fit  to  scale. 
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Qualitatively,  exponential  time  constants  governing  the 
rapid  transitions  from  open  to  closed  state  are  strikingly- 
different  between  the  three  modes  and  the  most  observed 
state  but  not  between  the  two  InsP3-gated  channels, 
independent  of  kinetic  state  (Figure  6-3) .   Modes  1  and  2 
had  a  mean  open  time  constant  10  and  1000X  greater  than  that 
in  the  most  observed  state  (Figure  6-3A)  with  mean  closed 
time  constants  as  much  as  3X  less  than  that  in  the  most 
observed  state  (Figure  6-3B) .   The  change  in  gating  kinetics 
of  Mode  3  could  be  solely  attributed  to  a  3X  increase  in  tc 
over  that  in  the  most  observed  state,  since  t0  was 
unaffected.   Unlike  the  most  observed  state,  the  kinetics  of 
the  modal  patterns  showed  variability  from  one  patch  to  the 
next;  mean  values  for  the  3  0  pS  InsP3-gated  channel  were: 
Mode  1  -  t0  =  129.06  ±  59.18  msec,  tc  =  0.31  ±  0.03  msec, 
Mode  2  -  t0  =  2814.75  ±  1901.5  msec,  tc  =  0  msec,  and 
Mode  3  -  t0  =  0 .26  ±  0 . 05  msec,  tc  =  9.7  ±  4.21  msec.   The 
mean  values  for  the  74  pS  InsP3-gated  channel  were:   Mode 
1  -  t0  =  52.91  ±  20.67  msec,  tc  =  0.40  ±  0.08  msec,  Mode  2  - 
t0  =  1620.62  ±  570.9  msec,  tc  =  0  msec,  and  Mode  3  -  t0  = 
0.28  +  0.07  msec,  tc  =  9.91  ±  0.89  msec. 

Once  channels  progressed  into  one  of  the  three  defined 
modes  (Figure  6-2),  spontaneous  transitions  from  one  mode  to 
another  were  infrequent,  with  sojourns  ranging  1-21  seconds 
in  each  mode.   One  method  to  discern  whether  the  modal 
gating  was  a  random  or  ordered  process  would  be  to  perform  a 
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runs  analysis.   Runs  analysis  of  two  74  pS  InsP3-gated 
channels  and  one  30  pS  InsP3-gated  channel  demonstrated  that 
the  channels  displayed  modes  of  gating  that  were  clustered; 
a  given  mode  of  gating  was  maintained  for  an  arbitrarily 
defined  time  period  before  spontaneously  changing  to  another 
mode  (Figure  6-4) .   Transitions  between  modes,  however,  were 
random,  i.e.,  independent  of  the  previous  history  of  gating, 
with  the  exception  of  Mode  3,  which  always  exited  to  the 
most  observed  state.   This  is  best  exemplified  in  a 
contingency  table  of  InsP3  channel  gating,  in  which  the 
number  of  time  intervals  that  a  particular  mode  is  followed 
by  the  same  or  different  mode  is  tabulated  (Figure  6-4) . 
Analysis  of  the  diagonal  (double  line  box)  demonstrated  that 
the  observed  (italics)  frequencies  of  repeats  of  the  same 
type  of  gating  mode  was  significantly  different  than  the 
expected  (bracketed)  if  the  pattern  of  gating  was  purely 
random  (Chi-square,  p  <  0.005) .   Highly  diagonalized 
contingency  tables  were  obtained  for  the  other  two  InsP3- 
gated  channels  analyzed  in  this  manner  (data  not  shown) . 
Secondly,  the  observed  frequency  of  entering  or  exiting 
Mode  3  from  another  state  was  always  one  or  zero; 
significantly  different  than  the  expected  (Chi-square,  p  < 
0.005) .   This  was  consistent  with  the  non-random  behavior  of 
the  channel  entering  Mode  3  through  Mode  2,  and  then  finally 
exiting  Mode  3  to  either  a  blank  or  the  most  observed  state. 
Frequency  distributions  were  used  to  yield  information  about 


Figure  6-4.   Four  x  four  contingency  table  of  small- 
conductance  InsP3-channel  mode  gating.   The  gating  pattern 
of  interval  (K  +  1)  is  shown  in  relation  to  gating  of 
interval  K;  interval  length  was  arbitrarily  set  to  300  ms , 
N=  326  intervals  classified.   The  observed  numbers  of 
intervals  in  each  category  are  in  italics;  expected  numbers 
for  random  occurrence  in  brackets.   Expected  numbers  were 
calculated  as  the  product  of  individual  modal  probabilities 
times  the  total  number  of  intervals.   Chi-square 
significance  p  <  0.005  (shaded  boxes) .   Similar  analysis 
yielded  comparable  results  for  large-conductance  InsP3- 
channel  mode  gating  (table  not  shown) . 
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Figure  6-5.   Distribution  histograms  of  run  lengths  for  mode 
gating  in  InsP3  channels,  constructed  by  pooling  data  from 
three  patches  (1  small,  2  large  conductance) .   A  run  =  A 
series  of  intervals  displaying  channel  activity  in  the  same 
mode.   The  duration  of  the  sojourns  in  each  mode  was 
calculated  by  multiplying  the  mean  number  of  intervals 
(exponential  fit  of  the  distribution)  by  307.20  ms ,  the 
defined,  arbitrary  interval  duration.   Calculated  time 
constants:   Mode  1=  1.49  ±  0.09  s,  Mode  2=  0.88  ±  0.03  s, 
and  'Mode  3=  11.76  +  6.7  s.   *  =  Calculated  average  duration 
of  three  runs . 


A      15 


1  2 

c 
d     9 

o 

^_ 
a> 

E     6 

3 


3  - 


Mode  1 


B8l 


B      20 


01      2     3     4     5     6     7     8     9    10111213141516171819 20 


Mode  2 


1  6 


c 
<£  12 


4> 

.a 

c 


M 


±2 


isa  ,  mm 


J2E_j_JSL 


L_7,/I_ 


01      2     3     4     5     6     7     8     9    10111213141516171819 20         55 


199 


20 


16 


c 
c*  1  2 


I     8 

3 


Mode  3 


~ 


.y/  m  „  m 


01      2     3     4     5     6     7     8     9    1011121314151  6  17  33  19  78 
Pun  Ler  gtr    ' .  jmt  ~r  of  Intervals) 


200 
the  duration  a  channel  remained  in  one  modal  pattern  of 
gating  before  switching  to  another  (Figure  6-5) .   Histograms 
of  the  length  of  a  run  of  a  single  type  of  modal  gating  were 
well  fit  by  a  single  exponential  for  Mode  1  and  Mode  2 .   The 
run  length  for  Mode  3  was  not  exponential,  implying  an  exit 
rate  that  did  not  follow  a  random  or  Markov  process. 
Effect  of  Ca2+  on  InsP3-activated  Channel  Gating 

Although  neither  InsP3-activated  channel  could  be  gated 
directly  by  ImM  [Ca2+]  ±   or  13  mM  [Ca2+]0,  as  evidenced  by  the 
lack  of  channel  activity  evoked  in  either  Ca  patch  or  PS 
solution,  the  Propen  as  well  as  the  unitary  conductance  was 
dependent  upon  the  Ca2+  concentration  of  the  InsP3  solution. 
The  InsP3-gated  channels  did  not  represent  Ca2+-activated 
channels,  such  as  those  mediating  calcium- induced  calcium 
release  (CICR) ,  but  rather  Ca2+  modulated,  InsP3-activated 
channels.   When  the  inside  face  of  the  patch  was  challenged 
with  2.4  x  10"7  M  InsP3,  three  of  four  30  pS  channels  (Figure 
6-6A)  and  two  of  two  74  pS  channels  (Figure  6-6B)  increased 
Propen  between  [Ca2+]  ±   of  0.001  and  1.0  mM.   Further 
increasing  the  [Ca2+]  L    from  1.0  mM  to  3  0  mM  reduced  the  slope 
conductance  of  each  channel  type  (Figure  6-6) .   The 
reduction  in  slope  conductance  under  high  [Ca2+]  t  was 
generally  observed  across  the  entire  recorded  voltage  range 
(Figure  6-7A) ,  but  in  two  instances  was  due  to  a  change  from 
inward  rectification,  and  therefore  only  varied  at 
depolarizing  potentials  (Figure  6-7B) . 


Figure  6-6.   Effect  of  Ca2+  on  the  gating  of  InsP3-gated  ion 
channels  in  lobster  ORNs .   Line  graph  of  the  open 
probability  (Propen)  (--A- -A--)  and  the  slope  conductance 
(slope  g) (--■--■--)  of  a  small  conductance  (A)  or  a  large 
conductance  (B)  InsP3-gated  channel  as  a  function  of  Ca2+ 
concentration.   Recording  conditions  and  configuration  as  in 
Fiqure  6-1. 
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Figure  6-7.   Effect  of  Ca2+  on  the  conductance  of  InsP3-gated 
ion  channels  in  lobster  ORNs  . 

(A)  Current  (ordinate) -voltage  (abscissa)  relation  of  a 
large  conductance  InsP3-gated  channel  recorded  by  applying 
2.4  x  1CT7  M  InsP3  in 

1.0  mM  Ca2+  (—A  — A—)  or  30  mM  Ca2>  (—•  —  •—)  patch  (see 
Table  6-1)  to  the  inside  face  of  cell-free  patches  of 
membrane . 

(B)  Current  (ordinate) -voltage  (abscissa)  relation  of  a 
small  conductance  InsP3-gated  channel  recorded  by  applying 
2.4  x  10"7  M  InsP3  in  0.001  mM  Ca2*  (—•  —  •—),  0.01  mM  Ca2+ 

(— o  — o— ),  0.1  mM  Ca2*  (—  □— □—  ),  or  30  mM  Ca2+  (— x  — x— ) 

patch  (see  Table  6-1)  to  the  inside  face  of  cell-free 
patches  of  membrane . 

(A  &  B)   Pipette  solution  =.  control  KA  patch  (see  Table 
6-1) ;  Patches  were  voltage-clamped  at  -60  mV. 
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In  a  limited  number  of  trials,  it  was  possible  to  apply 

InsP3  at  five  different  [Ca2+]  to  the  inside  face  of  three 

30  pS  and  one  74  pS  InsP3-gated  channel.   Due  to  the 

difficulty  of  patch  integrity  through  all  5  solution 

changes,  the  data  from  the  4  channels  were  pooled  for  the 

analysis  of  the  effect  of  Ca2+  on  channel  Propen.   Chelation 

with  11  mM  EGTA  reduced  the  Propen  of  the  channels  by  51  ±  13 

percent  (n=4)  from  that  measured  at  0.1  mM  [Ca2+]i.   Changing 

the  [Ca2  +  ]  ±  to  30  mM,  increased  the  Propen  to  157  +  7  percent 

(n=4)  of  that  found  in  0.1  mM  [Ca2*]^   Propen  remained  near 

that  recorded  in  the  0.1  mM  [Ca2+]  t   condition  when  3  0  mM  Ba2+ 

was  substituted  for  Ca2+  (n=4)  (Figure  6-8)  . 

Pharmacology  of  Macroscopic  Odor-evoked  Current  &  InsP?- 
gated  Channels 

To  test  the  alternative  hypothesis  that  InsP3  could 
mobilize  intracellular  Ca2+,  cells  were  preincubated  with  a 
membrane  permeant,  Ca2+-ATPase  pump  inhibitor, 
thapsiagargin.   The  magnitude  of  inward  odor-evoked 
macroscopic  currents  was  not  significantly  different  among 
cells  preincubated  with  8  x  10"7  M  thapsiagargin  and  those 
preincubated  with  the  EtOH  carrier  alone  (Figure  6-9, 
Student's  t-test) . 

Macroscopic  inward  odor-evoked  currents  that  are 
mediated  by  InsP3  (Chapter  5)  were  reversibly  blocked  by  a 
mixture  of  two  transition  metals  that  block  voltage- 
activated  Ca2+  channels  (5  mM  Co/Cd)  .   The  inward  currents 
were  also  partially  and  reversibly  blocked  by  RR,  a  blocker 
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Figure  6-9.   Histogram  of  the  mean  ±  SEM  macroscopic  inward 
odor-evoked  current  in  lobster  ORNs  treated  with  8  x  10"7  M 
thapsiagargin  (Thap)  or  with  the  EtOH  carrier  alone  (EtOH) 
two  hours  prior  to  recording.   ORNs  were  voltage-clamped 
at  -60  mV.   Odorants  used  to  evoke  the  current  include  10"3 
M  proline  or  a  1000X  dilution  of  TET  stock. 
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of  InsP3-regulated  Ca2+  channels  (10  /xM  RR)  .   Co/Cd 
significantly  reduced  the  peak  current  84  ±  7.5  percent 
(n=10)  while  RR  reduced  it  74  +  10.7  percent  (n=20)  of 
initial  control  values  (arcsin  transformation  of  percentage 
data  followed  by  Student's  t-test) (Figure  6-10A,B,D) . 
Application  of  5  mM  TEA,  a  blocker  of  all  known  K+  channels, 
reduced  the  odor-evoked  inward  current  by  only  13.5  ±  9 
percent,  which  was  not  significant  nor  contributable  to  all 
cells  tested  (n=5) (Figure  6-10D) .   One  micromolar  TTX,  an 
exceptionally  specific  blocker  of  voltage-activated  Na+ 
channels,  had  a  heterogenous  effect  across  10  cells  tested. 
TTX  delayed  the  termination  of  the  odor-evoked  inward 
current  (n=3),  slowed  the  onset  kinetics  and  reduced  the 
magnitude  of  the  current  (n=6),  or  completely  blocked  the 
current  (n=2) (Figure  6-10C,D) . 

The  pharmacology  of  the  InsP3-activated  unitary 
currents  was  consistent  with  that  of  the  macroscopic  odor- 
evoked  inward  current,  further  supporting  that  InsP3-gated 
channels  underlie  the  excitatory  current.    Five  millimolar 
Co\Cd  blocked  3  of  4  tested  30  pS  channels  and  3  of  4  tested 
74  pS  channels.   Ten  micromolar  RR  consistently  blocked  both 
the  3  0  pS  channel  (n=3)  and  the  74  pS  channel  (n=2) .   One 
micromolar  TTX  blocked  2  of  4  tested  3  0  pS  channels  and  did 
not  block  the  74  pS  channel  (n=4) .   TEA  was  not  tested  for 
its  effect  on  unitary  currents.   Ten  millimolar  Cs  was  not 
tested  for  its  effect  on  macroscopic  currents  but  failed  to 


Figure  6-10.   Pharmacological  probes  targeting  the 
macroscopic  inward  odor-evoked  current  in  lobster  ORNs. 

(A)  Whole-cell  current  evoked  by  application  (arrow)  of  the 
odorant  TET  (Odor  Prepulse) ,  TET  plus  5  mM  Co  and  5  mM  Cd 

(Odor  +  5  CoCd) ,  and  then  the  odorant  TET  (Odor  Recovery) . 

(B)  Whole-cell  current  evoked  by  application  (arrow)  of  the 
odorant  TET  (Odor  Prepulse)  ,  TET  plus  10  /jlM   ruthenium  red 

(Odor  +  10  RR)  . 

(C)  Whole-cell  current  evoked  by  application  (arrow)  of  the 
odorant  TET  (Odor  Prepulse)  ,  TET  plus  1  /iM  tetrodotoxin 

(Odor  +  1  TTX) .   Top  trace:   TTX  appears  to  affect 
termination  of  the  odor  response  (TTX-T) .   Middle  trace: 
TTX  appears  to  affect  the  onset  and  magnitude  of  the  odor 
response  (TTX-O) .   Bottom  trace:   TTX  appears  to  affect  the 
termination  of  the  odor  response  (TTX-T) . 

(D)  Histogram  plot  of  the  mean  ±  SEM  macroscopic  inward 
odor-evoked  current  of  ORNs  treated  with  various 
pharmacological  probes  (solid  bars) .   Odor  Prepulse  = 
striped  bar  preceding  each  treatment,  Odor  Recovery  = 
striped  bar  following  each  treatment.   TEA  =  5  mM 
tetraethylammonium.    *  =  Significant  difference,  paired 
t-test.   Statistics  not  computed  for  heterogeneous  effect  of 
TTX.   TTX-T,  TTX-O,  TTX-B  as  in  part  C. 

(A-D)  ORNs  voltage-clamped  at  a  -60  mV  holding  potential. 
Odorants  used  to  evoke  the  current  include  10"3  M  proline, 
taurine,  glycine,  betaine,  or  a  1000X  dilution  of  TET  stock. 
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block  either  the  30  pS  channel  (n=5)  nor  the  74  pS  channel 
(n-3)  . 
Ionic  Selectivity  of  InsP3-gated  Channels 

The  mean  reversal  potential  for  the  odor-evoked  inward 
current  was  -46.5  ±  2.1  mV  (n=26),  over  80  mV  negative  of 
the  calculated  Nernst  potential  for  Ca2+  (ECa  =  34  mV) 
(Figure  6-11) ,  suggesting  that  the  excitatory  odor-evoked 
inward  current  is  a  mixed  current.   The  reversal  potential 
of  twenty-one  30  pS  InsP3-gated  channels  and  six  74  pS 
InsP3-gated  channels  were  evaluated  using  two  different  ion 
substitution  paradigms.   In  the  first  paradigm,  the 
calculated  Nernst  potential  for  CI",  Na+,  or  K+  was  shifted 
varying  degrees  from  0  mV  and  the  Nernst  potential  for  Ca2+ 
was  set  to  0  mV.   Eleven  of  15   30  pS  channels  and  3  of  4 
74  pS  channels  reversed  near  0  mV,  under  these  conditions. 
An  example  of  one  of  the  3  0  pS  channels  is  given  in  Figure 
6-12.   In  symmetrical  conditions  the  channel  reversed  at 
0.11  mV  (not  shown)  .   When  ECa  =  0,  ENa  =  -19,  and  Ecl  =  30, 
the  channel  reversed  at  2 . 9  mV.   When  ECa  =  0,  ENa  =  -26,  and 
Ecl  =  28,  the  channel  reversed  at  4.9  mV.    An  example  of 
one  of  74  pS  channels  is  given  in  Figure  6-13.   In 
symmetrical  conditions  the  channel  reversed  at  4.5  mV  (not 
shown)  .   When  ECa  =  0,  ENa  =  -19,  and  Ecl  =  30,  the  channel 
reversed  at  8.8  mV.   When  ECa  =  0,  ENa  =  -26,  and  Ecl  =  28, 
the  channel  reversed  at  10.7  mV.   One  of  the  three  74  pS 
channels  displayed  extreme  inward  rectification  at  positive 


Figure  6-11.   Current  reversal  of  macroscopic  odor-evoked 
inward  currents  in  lobster  ORNs . 

(A)  Odorant- evoked  (TET)  whole-cell  currents  in  a  lobster 
ORN  voltage-clamped  at  various  membrane  potentials. 

(B)  Histogram  plot  of  the  current  reversal  for  26  such  ORN 
recordings  binned  into  10  mV  holding  potential  intervals  (V, 
Range) .   Mean  reversal  potential  =  -46.5  ±  2.1  mV.   Odorants 
applied  to  evoke  the  current  include  (10"3  M)  AMP,  glycine, 
proline,  taurine,  or  betaine,  or  a  1000X  dilution  of  TET 
stock. 
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Figure  6-12.   Current  reversal  of  the  small-  (30  pS) 
conductance  InsP3-gated  channel  in  a  lobster  ORN  recorded  in 
ionically  substituted  solutions. 

(A)  Unitary  currents  evoked  by  2.4  x  10"7  M  InsP3  in  NalOOCs 
Bath  ( — a — a — )  or  Na  Bath  ( — • — • — )  when  applied  to  the 
inside-face  of  a  cell-free  patch  of  lobster  ORN  voltage- 
clamped  at  various  membrane  potentials.   C=  closed  state, 
Ox=  first  open  state,  02=  second  open  state,  03  =  third  open 
state.   See  Table  6-1  for  bath  solution  composition. 

(B)  Current  (ordinate) -voltage  (abscissa)  relation  of  the 
small-conductance  InsP3-gated  channel  in  A.   Each  data  point 
represents  at  least  12s  of  open  channel  events  binned  into  a 
point-by-point  amplitude  histogram,  which  was  fitted  by  a 
gaussian  curve.   The  height'  of  the  fitted  distribution 
determined  the  mean  unitary  current  (in  pA)  and  was  plotted 
as  a  function  of  voltage  (in  mV) .   The  plotted  relation  was 
fitted  by  linear  regression  (continuous  line) .   Calculated 
Nernst  potentials  for  various  ion  species  are  denoted  by  the 
arrows  and  specified  in  text.   ECa  was  set  to  zero  unless 
noted  otherwise.   Symbols  as  in  A. 
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Figure  6-14.   Current  reversal  of  the  large-  (74  pS) 
conductance  InsP3-gated  channel  in  a  lobster  ORN  recorded  in 
ionically  substituted  solutions. 

(A)  Unitary  currents  evoked  by  2.4  x  10"7  M  InsP3  in  Ca  Bath 
( — • — • — )  when  applied  to  the  inside-face  of  a  cell-free 

patch  of  lobster  ORN  voltage-clamped  at  various  membrane 
potentials . 

(B)  Current  (ordinate) -voltage  (abscissa)  relation  of  the 
large-conductance  InsP3-gated  channel  in  A. 

(A  &  B)   Analysis  and  notation  as  in  Figure  6-12. 
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holding  potentials  (Figure  6-14) .   In  symmetrical 
conditions,  the  channel  reversed  at  3.2  mV  (not  shown) . 
When  ECa  =  0,  ENa  =  -26,  and  Ecl  =  25,  the  channel  reversed  at 
4.6  mV . 

The  remaining  4   3  0  pS  channels  and  one  74  pS  channel 
that  did  not  reverse  near  0  mV,  reversed  independently  of 
any  calculated  Nernst  potential  and  were  inconclusive  as  to 
selectivity  (data  not  shown) .   For  example,  when  ECa  =  0  mV, 
Ecl  =  38.8  mV,  ENa  =  148.6  mV,  and  EK  =  6.5  mV,  the  first  of 
these  remaining  3  0  pS  channels  reversed  at  23  mV.   In  the 
second  3  0  pS  channel,  when  ECa  =  0  mV,  Ecl  =  4  5.3  mV, 
ENa  =  148.6  mV,  and  EK  =  6.5  mV,  the  channel  reversed  at 
-38  mV.   In  the  third  remaining  30  pS  channel,  when  ECa  =  0 
mV,  ENa  =  -72.3  mV,  Ecl  =  70.6  mV,  and  EK  =  195.3  mV,  the 
channel  reversed  at  -15.7  mV.   In  the  fourth  remaining  30  pS 
channel,  when  ECa  =  0  mV,  ENa  =  -23  mV,  Ecl  =  25  mV,  and 
EK  =  -195.3,  the  channel  reversed  at  -14.5  mV.   In  the 
remaining  74  pS  channel,  when  ECa  =  0  mV,  ENa  =  46.7  mV, 
Ecl  =  -28  mV,  and  EK  =  -195  mV  the  channel  reversed  at 
-43  mV. 

In  the  second  substitution  paradigm,  ECa  was  shifted 
from  0  mV  in  order  to  discriminate  between  channels  with 
primarily  Ca2+  permeability  and  non-selective  cation 
permeability.   In  conditions  where  ECa  was  other  than  0  mV, 
channels  of  both  conductances  either  followed  ECa,  remained 
at  0  mV,  or  were  intermediate  between  ENa  and  ECa 


Figure  6-15.   Current  (ordinate) -voltage  (abscissa)  relation 
of  the  small-  (A-C)  and  large-  (D-E)  conductance  InsP3-gated 
channel  when  2.4  x  10"7  M  InsP3  was  applied  to  the  inside- 
face  of  cell-free  patches  of  lobster  ORN  under  the  following 
ionic  substitutions  to  force  calculated  ECa  to  be  other  than 
0  mV.   All  other  ions  (Ex)  at  0  mV  unless  shown  otherwise. 

(A)  InsP3  in  Ca  Bath  (—•—•—) 

(B)  InsP3  in  Ca  Patch  (—•—•—)  0.01  mM 

(C)  InsP3  in  Ca  Patch  (—•—•—)  1.0  mM,  (—  □  —  a— )  30  mM 

(D)  InsP3  in  Ca  Bath  (—•—•—) 

(E)  InsP3  in  Ca  Patch  (—A— A—)  1.0  mM,  (—•—•—)  30  mM 
Analysis  and  notation  as  in  Figure  6-12. 
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(Figure  6-15A-E) .   Three  of  six  30  pS  channels  reversed  near 
0  mV,  implying  non-selectivity.   An  example  is  given  in 
Figure  6-15A.   In  symmetrical  conditions  the  channel 
reversed  at  10.1  mV  (not  shown)  .   When  ECa  =  -83,  Ecl  =  88.6, 
ENa  =  148,  and  EK  =  195,  the  channel  reversed  at  -9.6  mV. 
When  ECa  =  3  0  mV  and  the  remaining  ions  were  set  to  0  mV, 
another  30  pS  channel  reversed  at  3.4  mV  (Figure  6-15B) . 
The  remaining  three  30  pS  channels  reversed  intermediate 
between  ENa  and  ECa  such  as  the  example  in  Figure  6-15C.   In 
symmetrical  conditions  the  channel  reversed  at  8.4  mV  (not 
shown)  .   When  ECa  =  -30,  Ecl,  ENa,  and  EK  =  0 ,  the  current 
reversed  at  -19.5  mV.   When  ECa  was  further  shifted  to 
-74  mV,  the  current  reversed  at  -28.7  mV. 

Of  the  two  74  pS  channels  tested  under  conditions  where 
ECa  was  other  than  0  mV,  one  channel  reversed  consistent 
with  ECa  (Figure  6-15D)  and  the  other  channel  reversed 
intermediate  between  ENa  and  ECa  (Figure  6-15E)  .   In  the 
example  of  the  former,  where  ECa  =  -83,  Ecl,  ENa,  and  EK  =  0 , 
the  channel  reversed  at  -55.8  mV  with  extreme  rectification. 
In  the  latter  example,  in  symmetrical  conditions  the  channel 
reversed  at  2.4  mV  (not  shown)  .   When  ENa  =  0  and  ECa  =  30, 
the  channel  reversed  at  25  mV.   However,  when  ENa  =  0  and 
ECa  =  60,  the  channel  reversed  at  20.3  mV,  intermediate 
between  ECa  and  ENa . 
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Discussion 
Gating  Properties 

While  pH  sensitivity  has  not  been  investigated  for 
cerebellar  InsP3-gated  channels,  pH  modulates  the  kinetics 
of  other  ion  channels,  such  as  the  ICa  conductance  of  L-type 
Ca2+  channels  (Prod'hom,  Pietrobon,  and  Hess,  1987,  1989). 
Alkaline  pH  is  known  to  increase  binding  affinity  of  the 
InsP3  ligand  to  its  receptor  in  isolated  catfish  olfactory 
ciliary  membranes  (Kalinoski  et  al . ,  1992) .   Under  alkaline 
conditions,  the  5  to  12  fold  increase  in  Propen  for  the 
small-  and  large -conductance  InsP3-gated  channel  in  lobster 
is  not  unlike  the  6  fold  increases  in  InsP3  binding  affinity 
observed  in  catfish  olfactory  cilia  (Kalinoski  et  al . , 
1992) .   Therefore,  physiological  changes  in  pH  could  modify 
the  gating  of  the  InsP3-activated  channels  in  lobster  ORNs 
by  altering  the  affinity  of  InsP3  binding. 

The  ability  of  Ca2+  to  modulate  both  the  small-  and 
large-conductance  InsP3-gated  channel  in  a  concentration 
dependent  manner  is  similar  to  the  InsP3-triggered  Ca2+  flux 
in  the  cerebellum,  which  is  stimulated  at  low  [Ca2+]  and 
inhibited  at  higher  [Ca2+]  (Ferris,  Huganir,  and  Snyder, 
1990;  lino  and  Endo,  1992;  Mignery,  Johnson,  and  Siidhof, 
1992;  Luttrell,  1993).   Yet  oddly  for  InsP3-gated  channels 
in  lobster  ORNs,  an  increase  in  Propen  of  the  channels  in 
response  to  increased  [Ca2+]  1  is  coupled  with  a  decrease  in 
channel  conductance .   These  data  suggest  that  Ca2+  could 
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increase  channel  open  frequency  throughout  the  tested 
concentration  range  and  concurrently,  but  independently, 
affect  channel  permeation  at  high  Ca2+,  possibly  by 
targeting  the  pore  of  the  protein. 

Cerebellar  InsP3  receptors  are  dependent  on  the  Ca2+ 
content  of  the  endoplasmic  reticulum  (Worley,  Baraban, 
Colvin,  and  Snyder,  1987)  and  it  has  been  suggested  that 
calsequestrin,  calmedin,  or  calreticulin  may  serve  as  the 
Ca2+  sensing  unit,  independent  of  the  channel  protein 
(Ferris  et  al . ,  1990;  Berridge,  1993).   Although  the  latter 
is  conceivable  for  olfactory  InsP3  receptors,  the  former  is 
irrelevant  for  lobster  InsP3-gated  channels  in   situ    (Ache, 
Hatt,  Breer,  Zufall,  in  press) ,  which  are  located  on  outer 
dendritic  processes  of  the  ORN;  an  area  devoid  of  organelles 
(Griinert  and  Ache,  1988)  .   The  fact  that  cultured  lobster 
ORNs  incubated  with  thapsiagargin  demonstrated  no  change  in 
odor-evoked  inward  currents,  shown  previously  to  be  mediated 
by  InsP3  (Fadool  and  Ache,  1992a)  and  shown  in  this  study  to 
be  carried  partially  by  Ca2+,  suggests  that  the  source  of 
the  Ca2+  providing  feedback  regulation  of  the  InsP3  receptor 
is  provided  extracellularly  via  Ca2+  influx  across  the 
plasma  membrane.   Rather  than  the  detection  of  internal  Ca2+ 
stores  by  the  receptor  or  an  associated  protein,  Ca2+  influx 
through  the  InsP3  channel  itself  may  modulate  its  gating 
throughout  a  large  Ca2+  concentration  range.   Secondarily 
permeation  is  affected  at  high  Ca2+  concentrations,  blocking 
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channel  conductance,  perhaps  as  a  type  of  negative  feedback 
loop.   Ca2+  ions  have  been  reported  to  inactivate  the  very 
channel  they  pass  through  (Yue,  Backx,  and  Imredy,  1991) , 
necessitating  that  the  conducting  ions  that  accumulate  near 
the  pore  exert  a  negative  feedback  on  Ca2+  flux  as  modeled 
by  DeFelice  (1993)  . 

The  long  open  modes  observed  in  both  the  small-  and 
large-conductance  InsP3-gated  channels  of  lobster  ORNs  has 
never  been  reported  for  cerebellar  InsP3-gated  channels,  nor 
is  the  function  of  modal  kinetic  schemes  in  general  well 
understood.   Modal  gating  is  inferred  when  a  channel  changes 
its  kinetic  behavior  suddenly  and  maintains  it  for  several 
seconds  in  the  absence  of  solution  changes  or  changes  in 
membrane  potential  (Delcour,  Lipscombe,  and  Tsien,  1992) . 
Long  open  modes  have  been  observed  in  a  number  of  systems 
utilizing  Ba2+  as  a  current  carrier  (Hess,  Lansman,  and 
Tsien,  1984;  Nowycky,  Fox,  and  Tsien,  1985;  Pietrobon  and 
Hess,  1990;  Mazzanti,  Galli,  and  Ferroni,  1992)  to  last  for 
hundreds  of  milliseconds  with  only  brief  closures,  much  like 
Mode  1  or  Mode  2  InsP3 -gated  channels  in  our  study.   Three 
different  modes  of  gating  occur  in  N-type  Ca2+  channels  in 
bullfrog  sympathetic  neurons  (Delcour  et  al . ,  1993),  with 
low,  medium,  and  high  Propen  comparable  to  the  Propen  of  0.15, 
0.33,  and  0.91-1.00  of  the  InsP3-gated  channels  in  our 
system.   Spontaneous  changes  in  the  pattern  of  gating  could 
influence  the  total  contribution  of  the  InsP3-gated  channels 
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to  Ca2+  or  cation  entry.   For  example  a  transition  from 
normal  Propen  gating  (0.33)  to  high  Propen  gating  (0.91-1.00, 
Mode  1-2)  could  greatly  increase  the  amount  of  current  flow 
across  the  plasma  membrane.   Concurrently,  a  transition  from 
normal  Propen  gating  (0.33)  to  low  Propen  gating  (0.15,  Mode  3) 
could  downregulate  the  total  ion  entry  or  current  produced. 
As  suggested  by  Delcour  et  al .  (1993),  a  mode  might  be  the 
expression  of  a  modulatory  state  of  a  channel,  superimposed 
on  the  set  of  conformational  states  occupied  during  normal 
gating.   Because  we  observed  the  long  open  modes 
infrequently,  in  at  most  10%  of  the  channels  recorded,  one 
possibility  is  that  the  long  openings  could  be  attributed  to 
spontaneous  lapses  in  Ca2+  block  of  the  conducting  channel 
(see  section  above;  DeFelice,  1993).   Another  possibility  is 
that  local  ligand  concentration,  phosphorylation  state,  or 
GTP-protein  binding  could  favor  mode  transition  in  the 
InsP3-gated  channels  (Bean,  1989;  Elmslie,  Zhou,  Jones, 
1990;  Yue,  Herzig,  and  Marban,  1990). 
Ionic  Selectivity  and  Pharmacology 

The  failure  of  the  mean  reversal  potential  of  the 
macroscopic  odor-evoked  inward  current  to  coincide  with  the 
calculated  equilibrium  potential  for  any  ion  species, 
implies  that  the  whole-cell  excitatory  current  is  a  mixed 
current.   A  large  percentage  of  the  current  (74-84%)  may  be 
mediated  by  an  underlying  Ca2+  channel,  since  it  can  be 
blocked  by  Co/Cd  and  RR.   This  is  consistent  with  the 
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pharmacological  response  of  the  underlying  InsP3-gated 
channels  that  are  also  both  blocked  by  these  probes. 
Discrepancy  arises  in  the  pharmacology  of  InsP3-activated 
currents  in  olfactory  tissue,  so  far  reported  in  catfish 
(Restrepo  et  al . ,  1990),  moth  (Stengl,  1993),  and  lobster 
(this  chapter) .   Insect  ORNs  are  TTX  insensitive,  blocked  by 
TEA,  and  insensitive  to  externally  applied  Ca2+  channel 
blockers  (Stengl,  1993) .   This  is  clearly  at  odds  with  the 
heterogeneous  TTX  pharmacology  and  TEA  insensitivity  of  the 
odor-evoked  inward  currents  in  lobster,  the  TTX  blockability 
of  the  small -conductance  InsP3-gated  channel,  and  the  RR  and 
Co/Cd  sensitivity  of  both  the  large-  and  small -conductance 
InsP3-gated  channels.   InsP3-gated  channels  in  catfish  and 
lobster  ORNs,  are  sensitive  to  Ca2+  channel  blockers,  yet 
InsP3-evoked  currents  in  catfish  and  moth  ORNs  are  abolished 
by  removal  of  external  Ca2+  or  Ca2+  chelation.   The  evidence 
that  both  the  small-  and  large-conductance  InsP3-gated 
channel  can  be  recorded  in  solutions  where  Ca2+  is  the 
predominant  ion  and  also  in  EGTA-chelated  conditions, 
suggests  that  the  current  carried  by  each  channel  can  also 
be  carried  by  Na+  in  the  absence  of  a  Ca2+-requiring 
mechanism. 

In  the  lobster,  ionic  substitution  demonstrates  that 
half  of  the  small-conductance  InsP3-gated  channels  are  non- 
selective to  cations,  while  the  remaining  half  are 
intermediary  between  Na+  and  Ca2+ .   Although  based  upon  a 
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more  limited  data  sample,  the  large-conductance  InsP3  may  be 
more  selective  for  Ca2+  over  other  cations.   In  regards  to 
Ca2+  permeability  (not  selectivity) ,  the  olfactory  InsP3- 
gated  channels  (Restrepo  et  al . ,  1990;  Stengl,  1993;  this 
chapter)  are  not  unlike  those  that  occur  in  the  cerebellum 
(Maeda  et  al . ,  1991) .   Only  the  catfish  olfactory 
InsP3-gated  channel  is  highly  Ca2*  selective  and  shows  more 
than  one  conductance  state,  being  most  like  cerebellar  IP3- 
gated  channels.   In  lobster,  at  least  two  different  channels 
are  gated  by  InsP3  (Chapter  5),  not  a  single  channel  with 
multiple  conductive  states  as  is  true  of  InsP3-gated 
channels  in  the  cerebellum  (Watras  et  al . ,  1991) . 

When  one  considers  that  the  lobster  InsP3-gated 
channels  are  recognized  by  an  antibody  targeting  a  mammalian 
cerebellar  InsP3  receptor  (Ca2+  channel) (Chapter  5),  are 
sensitive  to  drugs  targeting  Ca2+  channels,  and  have  either 
a  non-selective  cation,  Na+  and  Ca2+  selective,  or  Ca2+ 
selective  permeability,  it  is  tempting  to  speculate  that  the 
InsP3-gated  channels  in  lobster  represent  evolutionary  or 
developmental  intermediaries  between  Na+  and  Ca2+  channels. 
Such  a  suggestion  has  been  made  for  Na+  currents  in 
jellyfish  that  are  blocked  by  pharmacological  probes 
targeting  Ca2+  channels  (Anderson,  1987) .   Subsequent 
molecular  sequencing  confirmed  the  jellyfish  Na+  channel  to 
be  more  closely  homologous  to  Na+  channels  than  Ca2+,  and 
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revealed  a  different  selectivity  filter  than  that  reported 
in  higher  animals  (Anderson,  Holman,  and  Greenberg,  1993)  . 

Data  support  a  subtle  distinction  between  the  two 
InsP3-gated  channels  in  lobster  ORNs .   Although  separated  by- 
conductance,  kinetics,  and  voltage  dependence  (Chapter  5), 
the  channels  cannot  be  distinguished  based  upon  modulation 
by  increased  pH  or  Ca2+,  modal  gating  patterns, 
pharmacology,  nor  ionic  selectivity.   Although  the  latter 
properties  fail  to  provide  functional  distinction  between 
the  two  InsP3-gated  channels,  they  may  help  define  the  novel 
properties  of  olfactory,  plasma  membrane  InsP3-gated 
channels . 

Modulation  of  output  is  typically  shaped  by  the 
presence  of  more  than  one  channel  type  in  most  neurons.   The 
apparent  redundancy  of  having  more  than  one  channel  gated  by 
the  same  second  messenger,  however,  is  unclear.   Diversity 
in  olfactory  receptor  neurons  is  classically  attributed  to 
differential  expression  of  odor  receptor  proteins  across  a 
population  of  cells  as  well  as  to  differential  tuning  of  a 
single  expressed  receptor  to  different  odor  qualities.   The 
excitatory  transduction  mechanism  in  lobster  ORNs  has  the 
capacity  to  recruit  at  least  3  and  possibly  4  types  of 
second  messenger-gated  ion  channels:   a  30  pS  InsP3-gated 
non-selective  cation  channel,  a  74  pS  InsP3-gated  non- 
selective cation  channel,  a  193  pS  IP4-gated  Ca2+  selective 
channel  (Chapter  7)  ,  and  possibly  a  74  pS  InsP3-gated  Ca2+ 


233 
selective  channel.   The  distribution  and  type  of  second 
messenger-gated  ion  channel  ultimately  and  perhaps  equally 
contributes  to  ORN  diversity. 


CHAPTER  7 
I P4 -GATED  ION  CHANNELS  IN  NEURONS 

Introduction 

Stimulus -induced  turnover  of  phosphoinositide  is  a 

major  intracellular  signalling  system  that  mediates  the 

action  of  neurotransmitters,  hormones,  and  growth  factors 

(Figure  7-1;  Irvine,  1990;  Neher,  1992a;  Putney,  1992, 

Berridge,  1993).   Inositol  1 , 3 , 4 , 5-tetrakisphosphate 

[InsP4  (1,  3 , 4, 5) ]  ,  either  alone  (Higashida  and  Brown,  1986; 

Hill  et  al.,  1988;  Ely  et  al . ,  1990;  Gawler  et  al . ,  1990; 

Parker  and  Ivorra,  1991;  De  Waard  et  al . ,  1992;  Guse  et  al . , 

1992;  Liickhoff  and  Clapham,  1993)  or  in  combination  (Irvine 

and  Moor,  1986,  1987;  Morris  et  al . ,  1987;  Changya  et  al . , 

1989a,  1989b;  DeLisle  et  al . ,  1992)  with  inositol  1,4,5- 

trisphosphate  [InsP3  (1 ,  4  ,  5)  ]  ,  enhances  Ca2+  entry  into  cells, 

sequesters  or  mobilizes  Ca2+,  or  triggers  a  change  in 

membrane  potential.   Whether  InsP4 (1 ,  3  ,  4  ,  5)  directly 

activates  channels  in  neurons  and  the  extent  to  which  these 

receptors  interact  with  InsP3(l,4,5)  receptors  in  excitable 

cells  is  unknown.   We  report  that  lobster  olfactory  receptor 

neurons  (ORNs)  express  an  InsP4  (1 ,  3  ,  4  ,  5)  receptor  that  is  a 


NOTE:   This  chapter  will  be  submitted  for  publication  in  the 
journal  Nature  and  conforms  to  its  style  requirements. 
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Figure  7-1.   A  non-threatening  view  of  the  inositol 
phospholipid  metabolic  pathway.   The  shell  of  the  turtle 
represents  the  inositol  ring,  the  solid  circle  the  phosphate 
moiety,  and  the  head  &  tail  of  the  turtle,  the  chair 
conformation  of  the  molecule.   The  shaded  molecules  are  the 
inositol  phosphates  that  were  tested  to  determine  whether 
they  could  evoke  channel  activity  in  inside-out  cell-free 
patches  of  lobster  ORN  plasma  membrane. 

Turtles  representing  the  inositol  moiety  were  first 
presented  by  Dr.  B.  Agranoff  and  are  used  with  his 
permission. 
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functional  channel  differing  in  conductance,  kinetics  and 
voltage  sensitivity  from  two  previously  reported  plasma 
membrane  InsP3  (1 , 4 , 5) -gated  channels  (Chapters  5-6). 
InsP4  (1 , 3 , 4 , 5) -gated  channels  interacted  with  the 
InsP3  (1 ,  4 ,  5) -gated  channels  by  altering  the  Propen  of  the 
channels  in  what  may  be  a  novel  mechanism  for  regulating 
Ca2+  entry.   InsP4  (1 ,  3  ,  4  ,  5) -gated  channels  may  be  considered 
one  arm  of  a  dualistic  mechanism  by  which  inositol 
phospholipids  (IP)  regulate  olfactory  signal  detection  in 
these  neurons . 

Results  and  Discussion 
InsP4  (1,  3,  4,  5)  (6.4  x  10"6  M)  activated  unitary 
currents  in  25  of  42  cell-free  patches  of  plasma  membrane 
taken  from  cultured  lobster  ORN  somata  (Chapters  2-3;  Figure 
7-2) .   The  average  slope  conductance  of  this  channel  (193  ± 
13.0  pS,  n=19)  was  3-6  times  that  of  two  InsP3-activated 
channels  (30  pS,  74  pS)  present  in  these  neurons  (Chapter 
5)  .   The  average  open  probability  (Propen)  for  the  193  pS 
channel  at  -60  mV  was  0.11  ±  0.02  (n=14)  (Figure  7-3A) .   The 
mean  open  time  (t0)  for  the  channel  was  5.03  ±  0.97  msec 
(n=ll)  (Figure  7-3B)  .   The  Propen  of  the  channel  was  voltage 
dependent;  the  voltage  function  described  a  bell -shaped 
curve  that  decreased  at  hyperpolarizing  and  depolarizing 
extremes  (Figure  7-4) .   Together  with  conductance,  these 
gating  properties  distinguished  the  193  pS  channel  from  the 
two  InsP3  (1 ,  4 , 5) -gated  channels,  which  have  two  open  states 
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Figure  7-3   (A)   Histogram  of  the  point-by-point  amplitude 
of  a  digitized  record  containing  three  193  pS  channels 
activated  by  6  .  4  x  10"6  M  InsP4  (1 ,  3  ,  4  ,  5)  in  a  cell-free  patch 
from  a  lobster  ORN.   36432  open  channel  events  were  fit  by 
gaussian  distributions  (continuous  line) .   C=  closed  state, 
0-l  =  one  open  channel,  02  =  two  open  channels,  03  =  three 
open  channels.   The  mean  open  probability  (Propen)  , 
calculated  from  the  area  under  the  distributions,  for  14 
such  ORNs  at  -60  mV  was  0.11  ±  0.02.   Inset  shows  a  portion 
of  the  record  used  to  generate  the  histogram.   The  density 
of  the  193  pS  channel  was  relatively  high:   patches 
containing  3  to  9  channels  were  not  uncommon.   Given  an 
average  surface  area  of  380.13  /xm2  for  the  soma  of  cultured 
ORNs  (Chapter  3),  the  calculated  average  density  of  the 
193  pS  channel  was  0.60  ±  10.80  /im2 .   (B)   Histogram  of  the 
open  dwell  time  (t0)  of  2052  openings  of  a  single  193  pS 
channel  activated  by  6.4  x  10"6  M  InsP4  (1,  3  , 4 ,  5)  in  a  cell- 
free  patch  from  a  lobster  ORN.   The  distribution  was  best 
fit  by  a  single  exponential  (continuous  line) .   Mean  t0  = 
5.03  ±  0.97  msec  (n=ll) . 

METHODS.   To  calculate  the  lower  and  upper  channel  density 
of  the  InsP4 (1 ,  3  ,  4  ,  5)  channel  the  following  were  taken  into 
consideration  to  calculate  between  228  and  4105  channels  per 
neuron:   average  surface  area  =  380.13  /xm2 ,    percentage  of 
patches  containing  the  193  pS  channel  =  60%,  electrode  tip 
diameter  =  0.5  -  1.0  /im,  and  number  of  channels  per  patch  = 
1  -  9 .   For  patches  containing  more  than  one  channel  the 
open  probability  was  calculated  as 

Propen  =  0jp0)  +  i(Pl)  +  2(P2)  ±  3(P3)  ±  .  .  .  . 

N 

where  N  =  number  of  channels,  P0  =  closed  state  probability, 
Px  =  probability  of  one  channel  open,  P2  =  probability  of 
two  channels  open,  etc. 


241 


-60  mV 


-,•' 


1,'J.".' 


30  ms 
20  pA 


n 


P  fill  If  I. 


02 
03 


closed  --   T] 


03 
\ 


02 

\ 


01 


■50         -40        -30         -20         -10 
Amplitude   (pA) 


B 


3 
Z 


500 
450 
400 
350 
300 
250 
200 
150  - 
100  - 
50  - 
0 


t_ 


-  200 


o 
150  x 


c 

> 

UJ 


100 


-  50 


0 


0 


10 
Time  (ms) 


15 


-Q 


3 

■z. 


•"->     C   -H 

>  TS  M 
4-1    3 

hOS 

s°§ 

s  & 

(,    0)  . 

,  °J2  'H  r 
Sh    o    0) 

* — * 

-H  §  rfl 
H   u  <•> 

^  m  >« 


to 

<u 

TJ 
■H 
> 

o 
u 

o 

G 

rH 

o 
u 


4-1 


TJ 
■H,2 

c  3 

O   x 


<D 


<u 
u 

CD 


J)  ^H 

o  £ 

CD     \    M 

U-,    U    OS 
o->    c  X! 

0.5  . 


0. 


CD 


ft 

CQ 
U 

<D  r^ 

TJ  g 

8  c 

o  m 

"^  a 
o 


r>         fO 
,-h  -H 

^   „  a 

3  CU    CD 

&1    CO    4J 
-H    C    O 


TJ    M 
fC 


4-) 


01 

CQ  C 
CD  -H 
3  C 
i— l  fC 
(C  CD 
>    E 


243 


C 
Q. 


O    — 
Q_      Z 


O 


o 


z 


1 
o 


00 


C  I 


o 


o 


X. 

I 


o 


> 

E 
c 

CD 

o 

Q_ 

D5 

C 

o 
IE 


244 
and  either  decrease  their  Propen  throughout  the  depolarizing 
range  or  are  voltage  independent  (Chapter  5) . 

The  193  pS  channel  was  selective  for  InsP4 (1,  3  ,  4 , 5)  in 
25  (86%)  of  29  patches  (Table  7-1) .   In  the  remaining  four 
(14%)  patches,  InsP4  (1 , 3 , 4 , 5)  activated  unitary  currents 
with  average  slope  conductances  similar  to  those  of  the 
InsP3  (1,4,5) -activated  channels  (29.9  ±  4.8  pS,  n=3 ; 
90.5  pS,  n=l) .   The  30  and  74  pS  channels  were  selective  for 
InsP3(l,4,5)  in  104  (95%)  of  110  patches.   Of  seven  other 
metabolites  in  the  inositol  phospholipid  pathway, 
InsP3(l,4,5)  (2.4  x  10"7  M)  activated  the  193  pS  channel,  in 
only  6  (5%)  of  110  patches  as  did  inositol  hexaphosphate 
(InsP6)  (10~5  M)  in  one  patch.   None  of  the  other  metabolites 
gated  channel  activity.   The  inactivity  of  inositol  1,3,4- 
trisphosphate  [InsP3  (1 ,  3  ,  4)  ]  excluded  the  possibility  that 
the  193  pS  channel  was  activated  by  membrane  associated  3- 
phosphatases  secondarily  generating  InsP3(l,3,4)  from 
InsP4(l,3,4,5)  (Irvine,  1991). 

As  the  solutions  tested  free  of  contaminating  inositol 
phospholipid  metabolites,  we  presume  that  the  relatively  low 
incidence  at  which  InsP3(l,4,5)  activated  the  193  pS  channel 
and  InsP4  (1, 3,4, 5)  activated  the  3  0  and  74  pS  channels 
reflects  low  affinity  cross  receptor  binding.   Other 
inositol  metabolites  bind  InsP4 (1 ,  3  ,  4 , 5)  and  InsP3(l,4,5) 
receptors  in  mammalian  brain  only  at  high  concentrations  and 
with  low  affinity  (Enyedi  and  Williams,  1988;  Ferris  et  al . , 
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Table  7-1,  Selectivity  uf  various  metabolites  of  the  inositol  phospholipid  pathway  for  three  different  types  of  channels  in  cell-tree 
patches  of  cultured  lobster  ORNs.  InsP3t  1,4.5)  and  InsP^i  1,3,4,5)  were  commercial  lots  tested  by  NMR  and  hplc  as  99  and  95% 
pure,  respectively.    Analysis  did  not  detect  contaminants  as  products  of  phospholipid  metabolism. 
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1989;  Theibert  et  al . ,  1991,  1992).   The  apparent 
selectivity  of  the  InsP3  (1,  4 ,  5) -gated  channels  in  the 
lobster,  is  greater  than  that  reported  for  the  catfish 
olfactory  InsP3(l,4,5)  receptor,  which  binds  InsP3(l,4,5) 
and  InsP4  (1, 3 , 4 , 5)  with  equal  affinity  (Kalinoski  et  al . , 
1992)  . 

The  InsP4 (1,  3  ,  4, 5) -  and  InsP3 (1 ,  4  ,  5) -gated  channels 
interacted  when  they  occurred  in  the  same  patch  of  membrane . 
Interaction  altered  the  Propen  but  not  the  conductance  of  the 
channels  (Figure  7-5A) ,  suggesting  an  altered  gating 
mechanism  without  interference  of  the  pore  region.   In 
patches  containing  both  types  of  channels,  the  Propen  of  the 
InsP4  (1, 3 , 4 , 5) -activated  channel  significantly  increased 
when  the  two  ligands  were  co-presented,  compared  to  that 
under  InsP4  (1 , 3 , 4 , 5)  stimulation  alone  (n=16,  paired  t-test, 
Figure  7-5B)  .   Interaction  required  that  the  InsP3 (1 ,  4  ,  5) - 
activated  channel  be  gated  and  not  simply  present.   The 
Propen  of  the  InsP4  (1,  3  ,  4  ,  5) -activated  channel  was  not 
significantly  different  in  patches  that  contained  both  IP- 
activated  channels  and  patches  that  only  contained 
InsP4  (1, 3 , 4 , 5) -activated  channels  (n=8,  Student's  t-test, 
Figure  7-5B)  .   The  InsP4 (1 ,  3  ,  4 , 5) -activated  channel, 
decreased  the  Propen  of  both  InsP3  (1 ,  4  ,  5)  -activated  channels. 
In  this  direction,  interaction  only  required  the 
InsP4  (1, 3 , 4 , 5) -activated  channel  be  present,  not  gated.   Co- 
presenting  both  ligands  had  no  effect  on  the  Propen  of  the 
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InsP3  (1 , 4 , 5) -activated  channels  (n=10,  paired  t-test,  Figure 
7-5B)  ,  but  the  Propen  of  the  InsP3  (1 ,  4  ,  5) -activated  channel 
was  significantly  increased  in  patches  that  only  contained 
InsP3  (1 , 4 , 5) -activated  channels  as  opposed  to  patches  that 
contained  both  IP-activated  channels  (n=6,  Student's  t-test, 
Figure  7-5B) .   Interaction  between  InsP4-  and  InsP3- 
activated  receptors  in  other,  non-excitable  cells  has  been 
ascribed  to  a  variety  of  mechanisms  (Irvine,  1990,  1991) . 
The  ER  InsP3  receptor  is  reputedly  locked  into  an  inactive 
conformation  by  being  bound  to  a  plasma  membrane  InsP4 
receptor  at  the  InsP3  binding  site.   InsP4  binding 
dissociates  the  coupled  receptors  to  allow  Ca2+  entry  and 
free  access  of  InsP3  to  its  receptor.   Such  a  model  may  not 
generalize  to  our  system  where  both  IP-activated  channels 
are  plasma  membrane  bound.   Receptors  in  suitably  close 
proximity  in  the  same  membrane  might  also  be  expected  to 
block  cytoplasmic  binding  sites;  the  presence  of  InsP4- 
activated  channels  in  lobster  ORNs  decreased  the  open 
channel  activity  of  the  InsP3  receptor.   Contrary  to  the 
model,  however,  the  InsP3-activated  channel  was  stimulated 
in  the  absence  of  InsP4  and  in  patches  that  did  not  contain 
InsP4-activated  channels. 

We  suspect  that  the  193  pS  channel  characterized  in  the 
soma  functions  in  olfactory  transduction.   Cultured  lobster 
ORN  somata  express  transduction  elements  that  are  otherwise 
confined  to  the  outer  dendrite,  the  presumed  site  of  odor 
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transduction  in   situ    (Chapters  2-6)  .   In  preliminary- 
experiments  (Ache  et  al . ,  in  press),  a  channel  activated  by 
InsP4 (1,3,4,5) ,  and  two  activated  by  InsP3  (1 ,  4  ,  5)  ,  all  with 
conductances  within  picosiemens  of  those  reported  in  culture 
(Chapters  5  &  7) ,  were  recorded  in  the  outer  dendrite. 
Odors  rapidly  and  transiently  stimulate  the  production  of 
InsP3(l,4,5)  (Ache  et  al . ,  in  press),  the  metabolic 
precursor  of  InsP4  (1 ,  3  ,  4  ,  5)  ,  in  the  outer  dendrite.   Odor- 
stimulated  production  of  InsP3(l,4,5)  would  increase  Ca2+ 
influx  through  the  InsP3  (1 ,  4 , 5) -activated  channels  (Chapter 
6),  allowing  activation  of  a  Ca-dependent  3-kinase  to 
produce  InsP4  (1 ,  3 , 4 , 5)  to  gate  the  193  pS  channel.   Such  a 
large  conductance  channel  could  serve  to  enhance  detection 
of  the  odor  signal  by  rapidly  increasing  the  onset  of  the 
receptor  potential . 

If,  as  in  other  systems,  the  InsP4 (1 ,  3  ,  4  ,  5) -activated 
channel  in  lobster  ORNs  is  calcium  permeable,  as  preliminary 
experiments  suggest  (n=2,  data  not  shown),  then  multiple 
channels  would  mediate  Ca2+  entry  into  the  cell.   Dual 
receptors  mediating  Ca2+  flux  have  been  implicated  in 
controlling  fertilization  (Galione  et  al . ,  1993;  Lee  et  al . , 
1993)  and  two  Ca2+  releasing  channels  have  been  colocalized 
immunocytochemically  in  brain  (Sharp  et  al . ,  1993) .   Having 
more  than  one  Ca2+  mobilizing  channel  may  be  a  fundamental 
property  of  excitable  cells  such  as  olfactory  receptor 
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neurons  and  interaction  among  the  channels  may  provide  fine 
control  of  neuronal  output . 


CHAPTER  8 
SUMMARY 

Sensory  transduction  pertains  to  all  the  mechanisms  by 
which  a  specific  type  of  stimulus  energy  is  transformed  into 
an  electrical  response  by  a  specialized  sensory  cell : 
detection,  amplification,  encoding  &  discrimination, 
adaptation  &  termination,  sensory  channel  gating,  electrical 
response,  and  finally  transmission  to  the  brain  (Shepherd, 
1991) .   A  variety  of  transductory  elements  -  from  putative 
G-protein  coupled  receptors  to  second-messenger  gated  ion 
channels  -  have  been  uncovered  in  the  past  four  years, 
rapidly  changing  our  view  of  olfactory  signalling  and 
detection.   The  data  presented  in  my  dissertation  focused 
primarily  on  one  specific  stage  of  transduction,  sensory 
channel  gating  (Chapters  5-7) ,  and  to  a  lesser  extent  on 
detection,  discrimination  (Chapter  3),  and  amplification 
(Chapter  4) . 

At  the  onset  of  my  research,  I  developed  appropriate  in 
vitro   conditions  to  sustain  lobster  olfactory  receptor  cells 
in  primary  cell  culture  (Chapter  2) .   Neurite  outgrowth  and 
cell  viability  were  strongly  affected  by  choice  of  adherent 
substratum,  presence  of  serum,  and  length  of  animal 
captivity.   Neither  nerve  growth  factor,  HEPES,  nor 
preconditioned  media  from  the  target  organ,  the  olfactory 
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lobe,  had  any  observable  effect  on  either  longevity  or 
neurite  outgrowth.   The  diversity  of  known  growth  factors 
(i.e.  insulin,  EGF,  PDGF,  etc.)  in  other  systems  has  greatly 
expanded  since  my  initial  experiments  and  it  would  be  worth 
while  to  pursue  these  as  potential  neurotrophic  factors  for 
lobster  ORNs .   Whether  or  not  a  required  trophic  factor  or 
trace  element  could  have  sustained  the  neurons  beyond  the 
average  23  days  remains  unanswered.   Nonetheless,  a  cell 
line  was  not  required  for  successful  physiological  recording 
or,  presumably,  receptor  protein  expression.   The  defined 
culture  conditions  for  these  peripheral  neurons  can  probably 
be  modified  to  sustain  other  marine  invertebrate  neurons, 
including  lobster  CNS  neurons,  in    vitro. 

The  finding  that  cultured  ORNs  maintained  respon- 
siveness to  odors  (Chapter  2)  yet  were  morphologically  more 
compact  than  their  counterparts  in   situ   lead  to  the  prospect 
of  using  these  dissociated  cultured  neurons  to  study  the 
transduction  elements  that  were  normally  confined  to  the 
relatively  inaccessible  outer  dendrites.   The  cultured  ORNs 
had  to  be  surveyed  for  their  degree  of  odor  sensitivity  and 
selectivity  to  discern  whether  they  were  an  appropriate 
model  (Chapter  3) .   The  nature  of  the  adequate  stimuli,  the 
degree  of  tuning  (response  spectra)  of  the  cells,  the 
threshold  of  sensitivity,  the  resting  biophysical 
properties,  and  the  dual  polarity  of  the  odor-evoked 
currents  were  all  consistent  with  chemosensitivity  in  the 
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cultured  cells  being  olfactory,  mimicking  that  of  the  cells 
in   situ. 

The  ability  of  odors  to  evoke  currents  in  cultured  ORNs 
that  lacked  processes  suggested  that  lobster  ORNs  could  be 
induced  in   vitro   to  insert  all  elements  of  the  transduction 
cascade  in  the  soma,  including  those  that  normally  may  have 
been  confined  to  processes.   This  greatly  facilitated 
analysis  of  transduction  in  these  cells  as  Chapters  4-7 
attest.   Most  recently,  inositol  1 , 4 , 5-trisphosphate-  (IP3) 
and  inositol  1,3,4,5-  (IP4)  gated  ion  channels  were  recorded 
in  a  vesiculated  preparation  of  lobster  outer  dendrites, 
suggesting  by  localization  that  these  second  messenger-gated 
channels  were  transductory  in  nature  (Ache  and  Hatt,  in 
preparation) .   Riveting  was  the  finding  that  these  ion 
channels  in  the  outer  dendrite  had  estimated  conductances 
and  heparin  &  voltage  sensitivity  identical  to  those 
channels  characterized  in  culture  (Chapters  5-7) ;  further 
substantiating  the  use  of  cultured  neurons. 

The  finding  that  GTP-binding  proteins  linked  odorant 
stimulation  to  the  generation  of  both  outward  (inhibitory) 
and  inward  (excitatory)  currents  in  lobster  ORNs  (Chapter  4) 
was  not  unexpected  given  the  rich  evidence  for  G  protein 
mediation  of  olfactory  signalling  in  other  species,  and  the 
discovery  of  a  multigene  family  of  putative  olfactory 
receptors  coupled  to  G  proteins .   What  G  protein  subtype 
mediated  these  transductory  currents  was  unclear,  especially 
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as  other  olfactory  related  G  proteins  demonstrated 
ribosylation  and  the  lobster  ORNs  could  not  be  functionally 
blocked  by  the  bacterial  toxins.   It  must  be  concluded  that 
at  least  one  of  the  transductory  G  proteins  is  resistant  to 
ribosylation  as  even  injection  of  an  active  subunit  does  not 
alter  odor-evoked  current  magnitude.   The  lobster  ORNs 
probably  contain  a  G  protein  of  the  aq   family,  all  of  which 
are  PTX  insensitive.   A  second  G  protein,  more  similar  to  G0 
of  the  a±   family,  is  likely  coupled  to  excitatory  odor 
transduction  in  lobster  ORNs.   One  or  the  other  or  both 
G  proteins,  coupled  to  one  or  several  cell-surface 
receptors,  may  create  a  heterogeneous  expression  pattern 
across  a  population  of  ORNs  to  give  each  receptor  its  own 
blueprint  of  excitatory  receptor  cell  output.   As  the  odor- 
evoked  outward  (inhibitory)  currents  are  clearly  G  protein 
dependent,  and  the  nature  of  this  protein  subtype  remains 
undetermined,  I  could  easily  envision  another,  yet  defined, 
class  of  G  proteins  mediating  this  transduction  cascade. 
The  aq   family  was  only  discovered  three  years  ago  and  its 
enzymatic  effector  clearly  defined  two  years  ago.   I  feel 
that  this  multigene  family  will  be  a  target  of  intensive 
research  as  it  is  so  highly  conserved  across  eukaryotes . 
Which  G  protein  subtypes  functionally  couple  to  what  enzyme 
or  ion  channel  effector  is  an  unexplored  avenue  in  olfactory 
transduction. 
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The  finding  outlined  in  Chapter  5  that  IP3  directly 
gates  an  ion  channel  in  the  plasma  membrane  was  the  first 
evidence  for  such  a  channel  in  neurons.   The  IP3-activated 
channels  had  kinetic  properties  of  odor-activated  channels 
in  the  ORNs  and  pharmacological  properties  of  intracellular 
IP3-activated  channels  in  other  systems.   An  antibody 
directed  against  an  intracellular,  cerebellar  IP3  receptor 
recognized  a  protein  in  the  lobster  ORNs  of  similar 
molecular  weight  to  the  mammalian  receptor.   Interestingly, 
the  antibody  selectively  increased  the  magnitude  of  odor- 
evoked  inward  currents  and  the  open  probability  of  IP3- 
activated  unitary  currents.   The  ability  to  insert  a  patch 
of  membrane  containing  an  IP3-gated  channel  into  a  recipient 
cell,  which  could  then  be  stimulated  by  an  odorant  to  evoke 
channel  activity,  provided  further  evidence  for  IP3  as  an 
olfactory  second  messenger  mediating  excitation  in  lobster 
ORNs. 

The  discovery  that  two  channels  -  differing  in 
conductance,  voltage  dependence,  and  dwell -time  kinetics  - 
were  gated  by  IP3  (Chapter  5)  lead  to  the  investigation  of 
the  channels'  intricate  gating  properties,  ionic 
selectivity,  pharmacology,  and  ligand  specificity  (Chapters 
6-7) .   Although  these  distinctions  did  not  provide  strong 
evidence  that  the  channels  were  functionally  dissimilar  to 
each  other,  they  provided  a  body  of  knowledge  about  the 
novel  biophysical  properties  of  IP3-gated  channels  in 
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olfactory  neurons,  in  comparison  to  those  located 
intracellularly,  as  in  the  cerebellum.   The  finding  that 
elevated  pH  or  [Ca2+]  t   increased  the  open  probability, 
whereas  the  latter  simultaneously  decreased  the  conductance 
of  both  channels,  implied  that  modulation  of  channel  gating 
could  affect  opening  and  closing  of  the  channel  in  addition 
to  ion  permeation.   Both  IP3-gated  channels  displayed 
spontaneous  transitions  in  gating  kinetics  across  three 
distinct  patterns  or  modes.   While  the  presence  of  mode 
behavior  is  not  well  understood  in  channel  biology,  one 
could  envision  these  long  open  modes  the  result  of  many 
molecular  mechanisms,  from  transient  lapses  in  open  channel 
block,  to  changes  in  phosphorylation  state  of  the  channel 
protein. 

Both  the  small-  and  large-conductance  IP3-gated  channel 
mimicked  the  pharmacology  of  the  macroscopic  odor-evoked 
inward  current .   Although  each  were  reversibly  blocked  by 
typical  calcium  channel  blockers,  the  experiments  to  measure 
the  channel  reversal  potential  using  ionically  substituted 
conditions  were  inconclusive.    Further  permeation 
experiments  are  required  to  determine  the  extent  to  which 
these  channels  are  Ca2+  selective. 

What  can  be  inferred  from  the  current  reversal  data  of 
Chapter  6,  is  that  the  excitatory  current  is  clearly  a  mixed 
current,  most  probably  comprised  of  several  channel  species. 
As  direct  odorant  gating  of  receptors  does  not  appear  to  be 
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a  likely  transduction  mechanism  (unpublished  data) ,  it  would 
benefit  to  use  the  cultured  neurons  for  the  investigation  of 
other  second  messengers  mediating  the  excitatory  current, 
such  as  Ca2+,  G-protein  gated  ion  channels,  nitric  oxide, 
other  inositol  phospholipid  metabolites,  or  members  of  the 
eicosanoid  pathway. 

Finally  with  the  knowledge  that  other  phospholipids  are 
suspected  to  serve  as  intracellular  signals,  a  survey  of  IP3 
metabolites  (Chapter  7)  revealed  that  IP4  directly  activated 
an  ion  channel  in  the  plasma  membrane  of  the  ORNs  that 
differed  in  conductance,  kinetics,  density,  and  voltage 
sensitivity  from  the  IP3-gated  channels.   Most  intriguing,  I 
found  that  the  IP4-activated  channel  mutually  interacted 
with  the  IP3-activated  channels  to  alter  the  open 
probability  but  not  the  conductance  of  the  channel.   IP4- 
activated  channels  appear  to  be  one  arm  of  a  dualist ic, 
interactive  mechanism  by  which  inositol  phospholipids 
regulate  signal  detection  in  these  neurons. 

My  results  suggest  that  our  current  model  of  olfactory 
transduction  in  lobster  ORNs  (Figure  8-1)  is  overly 
simplistic  and  will  need  to  account  for  additional  putative 
second  messengers  (e.g.  IP4)  ,  modulatory  factors  (e.g.  Ca2+ 
or  phosphorylation) ,  or  even  cross-talk  (regulatory 
interaction  between  cascades) .   Most  importantly,  the  model 
must  reflect  potential  alternative  ways  in  which  the 
transduction  elements  can  be  packaged  within  single  cells. 
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Distribution  of  opposing  cascades  (excitatory/inhibitory) 
and  construction  of  cascades  with  different  G  proteins  and 
second  messenger-gated  ion  channel  types  has  the  potential 
to  create  diversity  in  receptor  cell  output.   For  example,  a 
G0-like  protein  coupled  to  IP3  production,  which  secondarily 
gates  a  large  conductance  channel  in  a  cell  lacking  an 
inhibitory  cascade  would  produce  a  different  signal  than  a 
cell  containing  Gq-like  and  G0-like  proteins  simultaneously 
coupled  to  IP3  production,  which  gates  a  small  conductance 
channel  in  a  cell  that  also  contains  the  inhibitory  cascade. 

An  emerging  theory  in  the  chemoreceptive  field- -"One 
receptor  protein,  one  olfactory  receptor  cell "--is 
dominating  meeting  symposia  and  shaping  predictive  models  in 
the  literature  (e.g.  Lancet  et  al . ,  1993).   In  the  absence 
of  functional  evidence,  this  theory  remains  just  that. 
Electrophysiological  and  biochemical  cross-receptor  binding 
studies  in  the  lobster  and  catfish  are  not  consistent  with 
such  an  exclusion  model,  although  at  this  time,  they  are 
unable  to  rule  it  out  entirely  (Caprio  and  Byrd,  1984;  Bruch 
and  Rulli,  1988;  Caprio  et  al . ,  1989;  McClintock  et  al . , 
1989b,  Michel  et  al . ,  1991,  1992b;  Fadool  et  al . ,  1993).   So 
the  BIG  question  for  lobster  chemoreception  remains,  whether 
or  not  a  single  ORN  can  bind  both  excitatory  and  inhibitory 
odorant  compounds  to  a  single  cell-surface  receptor  type 
that  is  linked  to  two  or  three  different  G  proteins 
subtypes,  which  individually  mediate  at  least  the  activation 
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of  effector  enzymes  in  the  production  of  second  messenger 
molecules,  which  in  turn  clearly  gate  more  than  one  type  of 
ion  channel.   The  ORN  could  finely  tune  its  transmission  to 
the  brain  by  utilizing  machinery  from  both  transduction 
cascades  inside  a  single  cell  (Ache  et  al . ,  in  press)  but  it 
remains  to  be  understood  whether  this  is  accomplished  with  a 
single  class  of  olfactory  receptor  proteins,  or  whether  ORNs 
express  multiple  receptor  proteins  coupled  individually  to 
each  cascade  (Figure  8-1) .   Secondarily,  it  is  not 
understood  whether  all  cells  express  both  transduction 
cascades,  or  only  a  subset  possess  multiple  mechanisms. 

Independent  of  receptor  protein  expression  or  cascade 
distribution  across  cells,  lobster  olfactory  transduction 
clearly  utilizes  more  than  one  pathway.   My  dissertation  has 
not  changed  this  proposition  (as  hypothesized  in  Chapter  1), 
but  rather  has  provided  details  of  the  mechanisms.   It  has 
instigated  a  different  perspective  of  olfactory  signalling: 
the  detection  of  odor  qualities  by  an  ORN  is  not  only 
dependent  upon  the  type  and  tuning  of  its  olfactory  receptor 
protein,  but  the  type,  distribution,  modulation,  and 
interaction  of  its  second  messenger-gated  ion  channels. 


REFERENCES 

Abogadie,  F.C.  and  R.C.  Bruch.   In  press.   Molecular 

cloning,  expression  and  localization  of  inhibitory  G- 
proteins  in  the  olfactory  epithelium  of  channel 
catfish.   Chem.  Senses. 

Ache,  B.W.  and  W.E.S.  Carr,  1990.   Chemoreception  in  aquatic 
invertebrates.   IN:  Neural   Mechanisms   in    Taste.       Ed. 
R.H.  Cagan.   CRC  Press,  Inc.,  Boca  Raton,  Florida,  pp 
97-117. 

Ache,  B.W.  and  CD.  Derby.   1985.   Functional  organization 
of  olfaction  in  crustaceans.   TINS   8(8):   356-360. 

Ache,  B.W.,  R.  Gleeson,  and  C.  Thompson.   1988.   Mechanisms 
for  mixture  suppression  in  olfactory  receptors  of  the 
spiny  lobster.   Chem.  Senses   13:   425-434. 

Ache,  B.W.,  H.  Hatt,  H.  Breer,  F.  Zufall.   In  press. 
Biochemical  and  physiological  evidence  for  dual 
transduction  pathways  in  lobster  olfactory  receptor 
neurons.   Chem.  Senses. 

Ache,  B.W.,  I.  Schmiedel- Jakob,  T.S.  McClintock,  and  P.A.V. 
Anderson.   1989.   Activation  of  lobster  olfactory 
receptor  cells  by  complex  stimuli:   evidence  for 
multiple  conductance  pathways.   IN:  Chemical    Senses 
Vol    1.       Eds.   J.G.  Brand,  J.H.  Teeter,  R.H.  Cagan,  and 
M.R.  Kare.   Dekker,  Inc.,  New  York,  pp  389-411. 

Adamek,  G.D.,  R.C.  Gesteland,  R.G.  Mair,  and  B.  Oakley. 

1984 .   Transduction  physiology  of  olfactory  receptor 
cilia.   Brain  Res.   310:   87-97. 

Anderson,  P.A.V.   1987.   Properties  and  pharmacology  of  a 
TTX- insensitive  Na+  current  in  neurones  of  the 
jellyfish  Cyanea    capillata.       J.  Exp.  Biol.   133:   231- 
248. 

Anderson,  P.A.V.  and  B.W.  Ache.  1985.   Voltage-  and 

current -clamp  recordings  of  the  receptor  potential  in 

olfactory  receptor  cells  in  situ.   Brain  Res.   338: 
273-280. 


263 


264 

Anderson,  P.A.V.,  M.A.  Holman,  R.M.  Greenberg.   1993. 
Deduced  amino  acid  sequence  of  a  putative  sodium 
channel  form  the  scyphozoan  jellyfish  Cyanea   capillata. 
Proc.  Natl.  Acad.  Sci.  USA   90:   7419-7423. 

Anholt,  R.R.H.   1991.   Odor  recognition  and  olfactory 

transduction:  the  new  frontier.   Chem.  Senses   16: 
421-427. 

Anholt,  R.  R.  H.,  S.M.  Mumby,  D.A.  Stoffers,  P.R.  Girard, 
J.F.  Kuo.  and  S.H.  Snyder.   1987.   Transduction 
proteins  of  olfactory  receptor  cells:   identification 
of  guanine  nucleotide  binding  proteins  and  protein 
kinase  C.   Biochemistry   26:   788-795. 

Bansel,  V.S.  and  P.W.  Majerus.  1990.  Phosphatidylinositol- 
derived  precursors  and  signals.  Annu .  Rev.  Cell.  Biol. 
6:   41-67. 

Bean,  B.P.   1989.   Neurotransmitter  inhibition  of  neuronal 
calcium  currents  by  changes  in  channel  voltage 
dependence.   Nature   307:   371-375. 

Benda,  P.,  F.  De  Vitry,  R.  Picart,  and  A.  Tixier-Vidal . 
1975.   Dissociated  cell  cultures  from  foetal  mouse 
hypothalamus.   Patterns  of  organization  and 
ultrastructural  features.   Exp.  Brain  Res.   23:   29- 
37. 

Berridge,  M.J.   1989.   Inositol  trisphosphate,  calcium, 
lithium,  and  cell  signaling.   JAMA  262:   1834-1841. 

Berridge,  M.J.   1993.   Inositol  trisphosphate  and  calcium 
signalling.   Nature   361:   315-325. 

Berridge,  M.J.  and  R.F.  Irvine,  1989.   Inositol  phosphates 
and  cell  signalling.   Nature   341:   197-205. 

Berstein,  G.,  J.L.  Blank,  D-Y.  Jhou,  J.H.  Exton,  S.G.  Rhee, 
and  E.M.  Ross.   1992.   Phospholipase  C-Sl  is  a  GTPase- 
activating  protein  for  Gq/11,  its  physiologic  regulator. 
Cell   70:   411-418. 

Birnbaumer,  L.   1992.   Receptor-to-effector  signaling 

through  G  proteins:   roles  for  (3T   dimers  as  well  as  a 
subunits.   Cell   71:   1069-1072. 

Blank,  J.L.,  A.H.  Ross,  and  J.H.  Exton.   1991.   Purification 
and  characterization  of  two  G-proteins  that  activate 
the  Si  isozyme  of  phosphoinositide-specif ic 
phospholipase  C.   J.  Biol.  Chem.   266:   18206-18216. 


265 

Boekhoff,  I.  and  H.  Breer.   1990.   Differential  stimulation 
of  second  messenger  pathways  by  distinct  classes  of 
odorants.   Neurochem.  Int.   17:   553-557. 

Boekhoff,  I.,  K.  Raming,  and  H.  Breer.   1990a.   Pheromone- 
induced  stimulation  of  inositol-triphosphate  formation 
in  insect  antennae  is  mediated  by  G-proteins.   J.  Comp . 
Physiol.   160B:   99-103. 

Boekhoff,  I.,  E.  Tareilus,  J.  Strotmann,  and  H.  Breer. 
1990b.   Rapid  activation  of  alternative  second 
messenger  pathways  in  olfactory  cilia  from  rats  by 
different  odorants.   EMBO   J.   9:   2453-2458. 

Bokoch,  G.M.,  T.  Katada,  J.K.  Northup,  M.  Ui ,  and  A.G. 
Gilman.   1984.   The  inhibitory  guanine  nucleotide- 
binding  regulatory  component  of  adenylate  cyclase . 
Properties  and  function  of  the  purified  protein.   J. 
Biol.  Chem.   259:   3560-3567. 

Boland,  L.M.  and  B.P.  Bean.   1993.   Modulation  of  N-type 
calcium  channels  in  bullfrog  sympathetic  neurons  by 
luteinizing  hormone-releasing  hormone:   Kinetics  and 
voltage  dependence.   J.  Neurosci .   13:   516-533. 

Borroni,  P.F.  and  J.  Atema.   1988.   Adaptation  in 

chemoreceptor  cells.   I.   Self -adapting  backgrounds 
determine  threshold  and  cause  parallel  shift  of 
response  function.   J.  Comp.  Physiol.  A.   164:   67-74. 

Bouvier,  M.   1990.   Cross-talk  between  second  messengers. 

IN:  Neuropeptides   and   Immunopep tides :      Messengers    in   a 
Neuroimmune  Axis.      Ann.  NY  Acad.  Sci.   594:   120-129. 

Bradford,  P.G.  and  R.F.  Irvine.   1987.   Specific  binding 
sites  for  [3H]  inositol (1 , 3 , 4 , 5) tetrakisphosphate  on 
membranes  of  HL-60  cells.   Biochem.  Biophys.  Res.  Comm. 
149:   680-685. 

Breer,  H.   1991.   Molecular  reaction  cascade  in  olfactory 

signal  transduction.   J.  Steroid.  Biochem.  Molec .  Biol. 
39:   621-625. 

Breer,  H.  and  I.  Boekhoff.   1991.   Odorants  of  the  same  odor 
class  activate  different  second  messenger  pathways. 
Chem.  Senses   16:   19-29. 

Breer,  H.,  I.  Boekhoff  and  E.  Tareilus.   1990.   Rapid 

kinetics  of  second  messenger  formation  in  olfactory 
transduction.   Nature   344:   65-68. 


266 

Brown,  A.M.   1991.   A  cellular  logic  for  G  protein-couple 
ion  channel  pathways.   FASEB .  J.   5:   2175-2179. 

Bruch,  R.C.   1990.   Signal  transducing  GTP-binding  proteins 
in  olfaction.   Comp .  Biochem.  Physiol.   95A:   27-29. 

Bruch,  R.C.  and  D.L.  Kalinoski.   1987.   Interaction  of  GTP- 
binding  regulatory  proteins  with  chemosensory 
receptors.   J.  Biol.  Chem.   262:   2401-2404. 

Bruch,  R.C.  and  R.D.  Rulli.   198  8.   Ligand  binding 

specificity  of  a  neutral  L-amino  acid  olfactory 
receptor.   Comp.  Biochem.  Physiol.   91B:   535-540. 

Buck,  L.  and  R.  Axel.  1991.  A  novel  multigene  family  may 
encode  odorant  receptors:  a  molecular  basis  for  odor 
recognition.   Cell   65:   175-187. 

Calof,  A.L.  and  D.M.  Chikaraishi .   1991.   Analysis  of 
neurogenesis  in  a  mammalian  neuroepithelium 
proliferation  and  differentiation  of  an  olfactory 
neuron  precursor  in   vitro.      Neuron   3:   115-127. 

Caprio,  J.  and  R.P.  Byrd.   1984.   Electrophysiological 
evidence  for  acidic,  basic,  and  neutral  amino  acid 
olfactory  receptor  sites  in  the  catfish.   J.  Gen. 
Physiol.   84:   403-422. 

Caprio,  J.,  J.  Dudek,  and  J.J.  Robinson.   1989.   Electro- 

olfactogram  and  multiunit  olfactory  receptor  responses 
to  binary  and  trinary  mixtures  of  amino  acids  in  the 
channel  catfish,  Ictalurus  punctatus .      J.  Gen.  Physiol. 
93:   245-262. 

Carr,  W.E.S.   1988.   The  molecular  nature  of  chemical 
stimuli  in  the  aquatic  environment.   IN:  Sensory- 
Biology  of  Aquatic  Animals.       Eds.  J.  Atema,  R.R.  Fay, 
A.N.  Popper,  and  W.N.  Tavolga.  Springer,  New  York,  pp. 
3-27. 

Carr,  W.E.S.   1990.   Chemical  signaling  systems  in  lower 
organisms:   A  prelude  to  the  evolution  of  chemical 
communication  in  the  nervous  system.   IN:  Evolution   of 
the   First   Nervous   Systems.    Ed.  P.A.V.  Anderson,  Plenum 
Press,  New  York,  pp.  81-94. 

Carr,  W.E.S.,  J.C.  Netherton  III,  and  M.L.  Milstead.   1984. 
Chemoattractants  of  the  shrimp  Palaemonetes  pugio: 
variability  in   responsiveness  and  the  stimulatory 
capacity  of  mixtures  containing  amino  acids,  quaternary 
ammonium  compounds,  purines,  and  other  substances. 
Comp.  Biochem.  Physiol.   77A:   469-474. 


267 


Casey,  P.J.,  M.P.  Graziano,  M.  Freissmuth,  and  A.G.  Gilman. 
1988.   Role  of  G  proteins  in  transmembrane  signaling. 
IN:  Cold   Spring  Harbor  Symposia    on   Quantitative 
Biology.      Vol.  53.   Cold  Spring  Harbor  Press, 
Plainview,  New  York,  pp.  203-208. 

Catt,  K.J.,  L.  Hunyady,  and  T.  Balla.   1991.   Second 

messengers  derived  from  inositol  lipids.   J.  Bioenerg. 
Biomemb.   23:   7-27. 

Challiss,  R.A.J,  and  S.R.  Nahorski .   1991.   Depolarization 
and  agonist-stimulated  changes  in  inositol  1,4,5- 
trisphosphate  and  inositol  1 , 3 , 4 , 5-tetrakisphosphate 
mass  accumulation  in  rat  cerebral  cortex.   J. 
Neurochem.   57:   1042-1051. 

Changya,  L . ,  D.V.  Gallacher,  R.F.  Irvine,  and  O.H.  Peterson. 
1989a.   Inositol  1 , 3 , 4 , 5-tetrakisphosphate  and  inositol 
1 , 4 , 5-trisphosphate  act  by  different  mechanisms  when 
controlling  Ca2+  in  mouse  lacrimal  acinar  cells.   FEBS 
251:   43-48. 

Changya,  L . ,  D.V.  Gallacher,  R.F.  Irvine,  B.V.L.  Potter,  and 
O.H.  Peterson.   1989b.   Inositol  1,3,4,5- 
tetrakisphosphate  is  essential  for  sustained  activation 
of  the  Ca2+-dependent  K+  current  in  single  internally 
perfused  mouse  lacrimal  acinar  cells.   J.  Membrane. 
Biol.   109:   85-93. 

Codina,  J.,  A.  Yatini,  D.  Grenet,  A.M.  Brown,  L.  Birnbaumer. 
1987.   The  alpha  subunit  of  the  GTP  binding  protein  Gk 
opens  atrial  potassium  channels.   Science   236:   442- 
445. 

Cole,  K.S.   1949.   Dynamic  electrical  characteristics  of  the 
squid  axon  membrane.   Arch.  Sci.  Physiol.   3:   253-258. 

Conklin,  B.R.  and  H.R.  Bourne.   1993.   Structural  elements 
of  Ga   subunits  that  interact  with  Gsr,  receptors,  and 
effectors.   Cell   73:   631-641. 

Cooke,  I.,  R.  Graf,  S.  Grau,  B.  Haylett,  D.  Meyers,  and  P. 
Ruben.   1989.   Crustacean  peptidergic  neurons  in 
culture  show  immediate  outgrowth  in  simple  medium. 
Proc.  Natl.  Acad.  Sci.  USA   86:   402-406. 


268 

Coon,  H.G.,  F.  Curcio,  K.  Sakaguchi,  M.L.  Brand,  and  R.D. 

Swerdlow.   1989.   Cell  cultures  of  neuroblasts  from  rat 
olfactory  epithelium  that  show  odorant  responses. 
Proc.  Natl.  Acad.  Sci.  USA   86:   1703-1707. 

Coughlin,  M.D.   1975.   Target  organ  stimulation  of 

parasympathetic  nerve  growth  in  the  developing  mouse 
submandibular  gland.   Dev.  Biol.   43:   140-158. 

Croucher,  M.J.,  B.S.  Meldrum,  A.W.  Jones,  and  J.C.  Watkins . 
1984 .   Gamma-D-glutamylaminomethylsulphonic  acid 
(GAMS),  a  kainate  and  quisqualate  antagonist,  prevents 
sound-induced  seizures  in  DBA/2  mice.   Brain  Res. 
322:   111-114. 

Cunningham,  A.M.,  R.R.  Reed,  D.K.  Ryugo,  S.H.  Snyder,  and 
G.V.  Ronnett.   1992.   An  InsP3  (inositol-1 , 4 , 5- 
triphosphate)  receptor  is  localize  to  the  ciliary 
surface  membrane  in  chemosensory  neurons  and  may 
mediate  odorant -induce  signal  transduction.   Chem. 
Senses   17:   608. 

Danoff,  S.K.,  CD.  Ferris,  C.  Donath,  G.A.  Fischer,  S. 
Munemitsu,  A.  Ullrich,  S.H.  Snyder,  and  C.A.  Ross. 
1991.   Inositol  1 , 4 , 5-trisphosphate  receptors: 
distinct  neuronal  and  nonneuronal  forms  derived  by 
alternative  splicing  differ  in  phosphorylation.  Proc. 
Natl.  Acad.  Sci.  USA   88:   2951-2955. 

DeCamilli,  P.,  K.  Takei,  G.A.  Mignery,  and  T.C.  Siidhof . 

1990.   InsP3  receptor  turnaround.   Nature   344:   495. 

DeFelice,  L.J.   1993.   Molecular  and  biophysical  view  of  the 
Ca  channel:   A  hypothesis  regarding  oligomeric 
structure,  channel  clustering,  and  macroscopic  current. 
Mem.  Biol.   133:   191-202. 

Delcour,  A.H.,  D.  Lipscombe,  and  R.W.  Tsien.   1993.   Three 
modes  of  N-type  channel  activity  distinguished  by 
differences  in  gating  kinetics.   J.   Neurosci.   13: 
181-194 . 

DeLisle,  S.  D.  Pittet,  B.V.L.  Potter,  P.D.  Lew,  and  M.J. 

Welsh.   1992.   InsP3  and  Ins (1 , 3 , 4 , 5) P4  act  in  synergy 
to  stimulate  influx  of  extracellular  Ca2+  in  Xenopus 
oocytes.   Am.  J.  Physiol.   262:   C1456-C1463. 

Derby,  CD.,  K.A.  Hamilton,  and  B.W.  Ache.   1984. 

Processing  of  olfactory  information  at  three  neuronal 
levels  in  the  spiny  lobster.   Brain  Res.  300:   311- 
319. 


269 

De  Waard,  M. ,  M.  Seagar,  A.  Feltz,  and  F.  Couraud.   1992. 
Inositol  phosphate  regulation  of  voltage-dependent 
calcium  channels  in  cerebellar  granule  neurons. 
Neuron   9:   497-503. 

Dhallan,  R.S.,  K.W.  Yau,  K.  A.  Schrader,  and  R.R.  Reed. 

1990.   Primary  structure  and  functional  expression  of  a 
cyclic  nucleotide-activated  channel  from  olfactory 
neurons.   Nature   347:   184-187. 

Dionne ,  V.E.   1990.   Excitatory  and  inhibitory  responses 

induced  by  amino  acids  in  isolated  mudpuppy  olfactory 
receptor  neurons.   Chem.  Senses   15:   556. 

Dionne,  V.E.   1992.   Chemosensory  responses  in  isolated 

olfactory  receptor  neurons  from  Necturus  maculosus .      J. 
Gen.  Physiol.   99:   415-433. 

Donie,  F.  and  G.  Reiser.   1989.   A  novel  specific  binding 
protein  assay  for  quantitation  of  intracellular 
inositol  1 , 3 , 4 , 5-tetrakisphosphate  (InsP4)  using  a 
high-affinity  InsP4  receptor  from  cerebellum.   FEBS 
Lett.   254:   155-158. 

Drazba,  J.  and  V.  Lemmon.   1990.   The  role  of  cell  adhesion 
molecules  in  neurite  outgrowth  on  Miiller  cells.   Dev. 
Biol.   138:   82-93. 

Ehrlich,  B.E.  and  J.  Watras.   1988.   Inositol  1,4,5- 

trisphosphate  activates  a  channel  from  smooth  muscle 
sarcoplasmic  reticulum.   Nature   336:   583-586. 

Elmslie,  K.S.  1992.   Calcium  current  modulation  in  frog 

sympathetic  neurones:   multiple  neurotransmitters  and  G 
proteins.   J.  Physiol.   451:   229-246. 

Elmslie,  K.S.,  W.  Zhou,  and  S.W.  Jones.   19  90.   LHRH  and 

GTP-T-S  modify  calcium  current  activation  in  bullfrog 
sympathetic  neurons.   Neuron   5:   75-80. 

Ely,  J. A.,  L.  Hunyady,  A.J.  Baukal ,  and  K.J.  Catt .   1990. 
Inositol  1 , 3 , 4 , 5-tetrakisphosphate  stimulates  calcium 
release  from  bovine  adrenal  microsomes  by  a  mechanism 
independent  of  the  inositol  1, 4 , 5-trisphosphate 
receptor.   Biochem.  J.   268:   333-338. 

Enyedi ,  P.  and  G.H.  Williams.  1988.  Heterogenous  inositol 
tetrakisphosphate  binding  sites  in  the  adrenal  cortex. 
J.  Biol.  Chem.   263:   7940-7942. 


270 

Fadool,  D.A.  and  B.W.  Ache.   1992a.   Plasma  membrane 

inositol  1 , 4 , 5-trisphosphate-activated  channels  mediate 
signal  transduction  in  lobster  olfactory  receptor 
neurons.   Neuron   9:   907-918. 

Fadool,  D.A.  and  B.W.  Ache.   1992b.   Single  channel  and 
immunocytochemical  evidence  for  inositol  1,4,5- 
trisphosphate  as  a  second  messenger  in  lobster 
olfactory  neurons.   Chem.  Senses   17:   621. 

Fadool,  D.A.  and  B.W.  Ache.   In  press  a.   cAMP  and  IP3 
mediate  opposing  transduction  cascades  in  lobster 
olfactory  receptor  neurons.   IN:  Olfaction  and   Taste. 
Springer- Verlag,  Tokyo. 

Fadool,  D.A.  and  B.W.  Ache.   In  press  b.   Ionic  selectivity 
and  ligand  specificity  of  IP3-gated  channels  mediating 
excitatory  transduction  in  lobster  olfactory  receptor 
neurons.   Chem.  Senses. 

Fadool,  D.A.,  S.J.  Cobb,  G.  Kass-Simon,  and  P.R.  Brown. 
1988.   Liquid  chromatographic  procedures  for  the 
analysis  of  compounds  in  the  serotonergic  and 
octopamine  pathways  of  lobster  haemolymph.   J. 
Chromatog.   452:   491-501. 

Fadool,  D.A.,  W.M.  Michel,  and  B.W.  Ache.   1991a.   G- 
proteins  and  inositol-phospholipid  metabolism 
implicated  in  odor  response  of  cultured  lobster 
olfactory  neurons.  Chem.  Senses   16:   518-519. 

Fadool,  D.A.,  W.M.  Michel,  and  B.W.  Ache.   1991b.   Sustained 
primary  culture  of  lobster  {Panulirus   argus)    olfactory 
receptor  neurons.   Tissue  &  Cell   23:   719-732. 

Fadool,  D.A.,  W.M.  Michel,  and  B.W.  Ache.   1993.   Odor 
sensitivity  of  cultured  lobster  olfactory  receptor 
neurons  is  independent  of  process  formation.   J.  Exp. 
Biol.   174:   215-233. 

Fainziber,  M.,  C.L.  Browdy,  M.  Tom,  E.  Lubzens,  and  S.W. 
Applebaum.   1989.   Protein  synthesis  in   vitro   in 
cultures  of  the  subepidermal  adipose  tissue  and  the 
ovary  of  the  shrimp  Paneaus   semisulcatus .      Tissue  & 
Cell   21:   911-916. 

Ferris,  CD.,  R.L.  Huganir,  and  S.H.  Snyder.   1990.   Calcium 
flux  mediated  by  purified  inositol  1 , 4 , 5-trisphosphate 
receptor  in  reconstituted  lipid  vesicles  is 
allosterically  regulated  by  adenine  nucleotides.   Proc . 
Natl.  Acad.  Sci.  USA   87:   2147-2151. 


271 

Ferris,  CD.,  R.L.  Huganir,  S.  Supattapone,  S.H.  Snyder. 

1989.   Purified  inositol  1 , 4 , 5-trisphosphate  receptor 
mediates  calcium  flux  in  reconstituted  lipid  vesicles. 
Nature   342:   87-89. 

Ferris,  CD.  and  S.H.  Snyder.   1992.   Inositol  1,4,5- 

trisphosphate-activated  calcium  channels.  /Ann.  Rev. 
Physiol.  54:   469-488. 

Firestein,  S.   1991.   A  noseful  of  odor  receptors.   TINS 
14:   270-272. 

Firestein,  S.   1992.   Electrical  signals  in  olfactory 

transduction.   Cur.  Opin.  Neurobiol .   2:   444-448. 

Firestein,  S.,  CM.  Shepherd,  and  S.F.  Werblin.   1990.   Time 
course  of  the  membrane  current  underlying  sensory 
transduction  in  salamander  olfactory  receptor  neurones. 
J.  Physiol.  (Lond)  430:   135-158. 

Firestein,  S.  and  F.  Werblin.   1989.   Odor-induced  membrane 
currents  in  vertebrate-olfactory  receptor  neuron. 
Science   244:   79-82. 

Firestein,  S.,  F.  Zufall,  and  CM.  Shepherd.   1991.   Single 
odor-sensitive  channels  in  olfactory  receptor  neurons 
are  also  gated  by  cyclic  nucleotides.   J.  Neurosci . 
11:   3565-3572. 

Fisher,  S.K.,  A.M.  Heacock,  and  B.W.  Agranoff.    1992. 

Inositol  lipids  and  signal  transduction  in  the  nervous 
system:   An  update.   J.  Neurochem.   58:  18-38. 

Fitzgerald,  L.M.,  D.  Restrepo,  and  B.  Bryant.   In  press. 

Second  messenger  production  in  catfish  olfactory  cilia. 
Chem.  Senses. 

Frank,  T.M.  and  A.  Fein.   1991.   The  role  of  the  inositol 

phosphate  cascade  in  visual  excitation  of  invertebrate 
microvillar  photoreceptors.   J.  Gen.  Physiol.   97: 
697-723 . 

Galione,  A.,  A.  McDougall,  W.B.  Busa,  N.  Willmott,  I. 

Gillot,  and  M.  Whitaker.   1993.   Redundant  mechanisms 
of  calcium- induced  calcium  release  underlying  calcium 
waves  during  fertilization  of  sea  urchin  eggs. 
Science.   261:   348-352. 

Gawler,  D.J.,  B.V.L.  Potter,  S.R.  Nahorski .   1990.   Inositol 
1 ,  3  ,  4 , 5-tetrakisphosphate-induced  release  of 
intracellular  Ca2+  in  SH-SY5Y  neuroblastoma  cells. 
Biochem.  J.   272:   519-524. 


272 


Gerwins,  P.  and  B.B.  Fredholm.   1992.   Stimulation  of 

adenosine  Ax   receptors  and  bradykinin  receptors,  which 
act  via  different  G  proteins,  synergistically  raises 
inositol  1 , 4 , 5-trisphosphate  and  intracellular  free 
calcium  in  DDTX  MF-2  smooth  muscle  cells.   Proc .  Natl. 
Acad.  Sci.  USA   89:   7330-7334. 

Ghosh,  T.K.,  P.S.  Eis,  J.M.  Mullaney,  C.L.  Ebert,  and  D.L. 
Gill.   1988.   Competitive,  reversible  and  potent 
antagonism  of  inositol  1, 4 , 5-trisphosphate-activated 
calcium  release  by  heparin.   J.  Biol.  Chem.   263: 
11075-11079. 

Gill,  D.M.  and  R.  Meren.   1978.   ADP-ribosylation  of 

membrane  proteins  catalyzed  by  cholera  toxin:  basis  of 
the  activation  of  adenylate  cyclase.  Proc.  Natl.  Acad. 
Sci.  USA   75:   3050-3054. 

Gilman,  A.G.   1987.   G  proteins:   transducers  of  receptor- 
generated  signals.   Ann.  Rev.  Biochem.   56:   615-649. 

Gleeson,  R.A.,  W.E.S.  Carr,  and  H.G.  Trapido-Rosenthal . 
1993.   Morphological  characteristics  facilitating 
stimulus  access  and  removal  in  the  olfactory  organ  of 
the  spiny  lobster,  Panulirus   argus:      insight  from  the 
design.   Chem.  Senses   18:   67-75. 

Gonzales,  F.,  A.I.  Farbman,  and  R.C.  Gesteland.   1985.   Cell 
and  explant  culture  of  olfactory  chemoreceptor  cells. 
J.  Neurosci.  Methods   14:   77-90. 

Goulding,  E.,  J.  Ngai,  R.H.  Kramer,  S.  Colicos,  R.  Axel, 
S.A.  Siegelbaum,  and  A.  Chess.   1992.   Molecular 
cloning  and  single-channel  properties  of  the  cyclic 
nucleotide-gated  channel  form  catfish  olfactory 
neurons.   Neuron   8:   45-58. 

Graf,  R.A.  and  I.M.  Cooke.   1990.   Primary  culture  of 

crustacean  stomatogastric  ganglion  neurons  in  a  defined 
medium.   J.  Exp.  Biol.   149:   521-525. 

Griinert,  U.  and  B.W.  Ache.   1988.   Ultrastructure  of  the 

aesthetasc  (olfactory)  sensilla  of  the  spiny  lobster, 
Panulirus   argus.       Cell  Tis.  Res.   251:   95-103. 

Guse,  A.H.,  E.  Roth,  and  F.  Emmrich.   1992.   D-myo-inositol 
1, 3 ,4, 5-tetrakisphosphate  releases  Ca2+  from  crude 
microsomes  and  enriched  vesicular  plasma  membranes,  but 
not  from  intracellular  stores  of  permeabilized  T- 
lymphocytes  and  monocytes.   Biochem.  J.   288:   489-495. 


273 

Gutowski,  S.,  A.  Smrcka,  L.  Nowak,  D.  Wu,  M.  Simon,  and  P.C. 
Sternweis.   1991.   Antibodies  to  the  aq   subfamily  of 
guanine  nucleotide-binding  regulatory  protein  a 
subunits  attenuate  activation  of  phosphatidylinositol 
4 , 5-bisphosphate  hydrolysis  by  hormones.   J.  Biol. 
Chem.   266:   20519-20524. 

Hamill,  O.P.,  A.  Marty,  E.  Neher,  B.  Sakmann,  and  F. 

Sigworth.   1981.   Improved  patch-clamp  techniques  for 
high  resolution  current  recordings  from  cells  and  cell 
free  membrane  patches.  Pfliigers.  Arch.   391:   85-100. 

Hamill,  O.M.  and  B.  Sakmann.   1981.   Multiple  conductance 
states  of  single  acetylcholine  receptor  channels  in 
embryonic  muscle  cells.   Nature   294:   462-464. 

Hartman,  H.B.,  S.N.  Wright,  and  R.L.  Cooper.   1989. 

Crustacean  proprioceptor  organs  retains  normal  sensory 
responses  in  culture.   Soc .  Neurosci.  Abstr.   15:   292. 

Hatt,  H.   1990.   Electrophysiological  studies  on 

chemoreceptive  neurons  in  Crustacea.   IN:  Frontiers   in 
Crustacean  Neurobiology.      Eds.   K.  Wiese,  W.-D. 
Krenz,  J.  Tautz,  H.  Reichert,  and  B.  Mulloney  B., 
Birkhauser  Verlag,  Switzerland,  pp.  41-45. 

Hatt,  H.  and  F.  Zufall.   1990.   Ion  channels  from  insect 
olfactory  receptor  neurons.   ECRO.  Abstr.   9:   30. 

Hess,  P.,  J.B.  Lansman,  and  R.W.  Tsien.   1984.   Different 
modes  of  Ca  channel  gating  behavior  favored  by 
dihydropyride  Ca  agonists  and  antagonists.   Nature 
311:   538-544. 

Higashida,  H.  and  D.A.  Brown.   1986.   Membrane  current 
responses  to  intracellular  injections  of  inositol 
1 , 3 , 4 , 5-tetrakisphosphate  and  inositol  1,3,4- 
trisphosphate  in  NG108-15  hybrid  cells.   FEBS   208: 
283-286 . 

Hill,  T.D.,  P.O.  Berggren,  and  A.L.  Boynton.   1987.   Heparin 
inhibits  inositol  trisphosphate-induced  calcium  release 
from  permeabilized  rat  liver  cells.  Biochem.  Biophys. 
Res.  Comm.   149:   897-901. 

Hill,  T.D.,  N.M.  Dean,  and  A.L.  Boynton.   1988.   Inositol 

1 , 3 , 4 , 5-tetrakisphosphate  induces  Ca2+  sequestration  in 
rat  liver  cells.   Science.   242:   1176-1178. 

Hille,  B.   1992a.   G  protein-coupled  mechanisms  and  nervous 
signaling.   Neuron   9:   187-195. 


274 

Hi lie,  B.   1992b.  Ionic   Channels   of  Excitable  Membranes. 

Sinauer  Associates,  Sunderland,  Massachusetts,  pp.  66  & 
89. 

Hodgkin,  A.L.,  A.F.  Huxley,  and  Katz.   1952.   Measurement  of 
current-voltage  relations  in  the  membrane  of  the  giant 
axon  of  Loligo.       J.  Physiol.   116:   424-448. 

Horn,  R.  and  J.  Patlak.   1980.   Single  channel  currents  from 
excised  patches  of  muscle  membrane.   Proc .  Natl.  Acad. 
Sci.  USA   77:   6930-6934. 

Huque,  T.  and  R.C.  Bruch.   1986.   Odorant-  and  guanine 
nucleotide-stimulated  phosphoinositide  turnover  in 
olfactory  cilia.  Biochem.  Biophys .  Res.  Comm.   137: 
36-42. 

lino,  M.  and  M.  Endo.   1992.   Calcium-dependent  immediate 
feedback  control  of  inositol  1 , 4 , 5-trisphosphate- 
induced   Ca2+  release.   Nature   360:   76-78. 

Irvine,  R.F.   1990.   ' Quantal'  Ca2+  release  and  the  control 
of  Ca2+  entry  by  inositol  phosphates  -  a  possible 
mechanism.   FEBS   263:   5-9. 

Irvine,  R.F.   1991.   Inositol  tetrakisphosphate  as  a  second 
messenger:   confusions,  contradictions,  and  a  potential 
resolution.   BioEssays   12(8):   419-427. 

Irvine,  R.F.  and  R.M.  Moor.   1986.   Micro-injection  of 

inositol  1, 3 , 4, 5-tetrakisphosphate  activates  sea  urchin 
eggs  by  a  mechanism  dependent  on  external  Ca2+ . 
Biochem.  J.   240:   917-920. 

Irvine,  R.F.  and  R.M.  Moor.   1987.   Inositol (1 , 3 , 4 , 5) 

tetrakisphosphate- induced  activation  of  sea  urchin  eggs 
requires  the  presence  of  inositol  trisphosphate . 
Biochem.  Biophys.  Res.  Comm.   14  6:   284-2  90. 

Johnson  ,  E.M.,  K.M.  Rich,  and  H.K.  Yip.   1986.   The  role  of 
NGF  in  sensory  neurons  in   vivo.       TINS   9:   33-37. 

Jones,  D.T.  1990.   Distribution  of  the  stimulatory  GTP- 
binding  proteins,  Gs  and  Golf,  within  olfactory 
neuroepithelium.   Chem.  Senses   15:   333-340. 

Jones,  D.T.,  E.  Barbosa,  and  R.R.  Reed.   1987.   Expression 
of  G-protein  a    subunits  in  rat  olfactory 
neuroepithelium:   candidates  for  olfactory  signal 
transduction.   IN:  Cold   Spring  Harbor   Symposia   on 
Quantitative   Biology.      Vol.  50.   Cold  Spring  Harbor 
Press,  Plainsview,  New  York,  pp.   349-353. 


275 

Jones,  D.T.,  S.B.  Masters,  H.R.  Bourne,  and  R.R.  Reed. 

1990.   Biochemical  characteristics  of  three  stimulatory 
GTP  binding  proteins:   the  large  and  small  forms  of  Gs 
and  the  olfactory  specific  G  protein,  Golf .   J.  Biol. 
Chem.   265:   2671-2676. 

Jones,  D.T.,  and  Reed,  R.R.   1987.   Molecular  cloning  of 
five  GTP-binding  protein  cDNA  species  from  the  rat 
olfactory  neuroepithelium.   J.  Biol.  Chem.   262: 
14241-14249. 

Jones,  D.T.  and  R.R.  Reed.   1989.   Golf :   /An  olfactory  neuron 
specif ic-G-protein  involved  in  odorant  signal 
transduction.   Science.   244:   790-795. 

Kalinoski,  D.L.,  S.B.  Aldinger,  A.G.  Boyle,  T.  Huque,  J.F. 
Marecek,  G.D.  Prestwich,  and  D.  Restrepo.   1992. 
Characterization  of  a  novel  inositol  1,4,5- 
trisphosphate  receptor  in  isolated  olfactory  cilia. 
Biochem.  J.   281:   449-456. 

Katada,  T.  and  M.  Ui .   1982.   Direct  modification  of  the 

membrane  adenylate  cyclase  system  by  islet -activating 
protein  due  to  ADP-ribosylation  of  a  membrane  protein. 
Proc.  Natl.  Acad.  Sci.  USA   79:   3129-3133. 

Khan,  A. A. ,  J. P.  Steiner,  and  S.H.  Snyder.   1992.   Plasma 
membrane  inositol  1, 4 , 5- trisphosphate  receptor  of 
lymphocytes:   Selective  enrichment  in  sialic  acid  and 
unique  binding  specificity.  Proc.  Natl.  Acad.  Sci.  USA 
89:   2849-2853. 

Kobayashi,  S.,  A.V.  Somlyo,  A. P.  Somlyo.   1988.   Heparin 
inhibits  the  inositol  1 , 4 , 5- trisphosphate-dependent , 
but  not  independent,  calcium  release  induced  by  guanine 
nucleotide  in  vascular  smooth  muscle.  Biochem.  Biophys . 
Res.  Comm.   153:   625-631. 

Komori,  S.  and  T.B.  Bolton.   1990.   Inositol  trisphosphate 
releases  stored  calcium  to  block  voltage-dependent 
calcium  channels  in  single  smooth  muscle  cells. 
Pfliigers  Arch.   418:   437-441. 

Kramer,  R.H.   1990.   Patch  cramming:   Monitoring 

intracellular  messengers  in  intact  cells  with  membrane 
patches  containing  detector  ion  channels.   Neuron   2: 
335-341. 

Krenz,  W.D.,  F.  Del  Principe,  and  P.  Fischer.  1990. 
Crustacean  nerve  cells  in  primary  culture.  IN: 
Frontiers    in   Crustacean   Neurobiology.       Eds.   K.  Wiese, 


276 

W.D.  Krenz,  J.  Tautz,  H.  Reichert,  and  B.  Mulloney. 
Birkhauser  Verlag,  Boston  &  Berlin,  pp  509-515. 

Krenz,  W.D.  and  P.  Fischer.   1988.   Ionic  conductances  in 
crustacean  stomatogastric  neurons  in  primary  culture . 
Soc.  Neurosci.  Abstr.   14:   295. 

Kuno,  M.  and  P.  Gardener.   1987.   Ion  channels  activated  by 
inositol  1 , 4 , 5-trisphosphate  in  plasma  membrane  of 
human  T- lymphocytes .   Nature   326:   301-304. 

Kurahashi,  T.   1989.   Activation  by  odorants  of  cation- 
selective  conductance  in  the  olfactory  receptor  cell 
isolated  from  the  newt.   J.  Physiol.   419:   177-192. 

Kurahashi,  T  and  A.  Kaneko .   1991.   A  high  density  cAMP- 

gated  channels  at  the  ciliary  membrane  in  the  olfactory 
receptor  cell.   Neuroreport .   2:   5-8. 

Kurian,  P.,  N.  Narang,  and  F.T.  Crews.   1992.   Decreased 

carbachol -stimulated  inositol  1 , 3 , 4 , 5-tetrakisphosphate 
formation  in  senescent  rat  cerebral  cortical  slices. 
Neurobiol.  of  Aging   13:   521-526. 

Lambert,  D.G.  and  S.R.  Nahorski .   1990.   Pertussis  toxin 
inhibits  a2-adrenoceptor-mediated  inhibition  of 
adenylate  cyclase  without  affecting  muscarinic 
regulation  of  [Ca2+]  ±   or  inositol  phosphate  generation 
in  SH-SY5Y  human  neuroblastoma  cells.   Biochem. 
Pharmacol.   40:   2291-2295. 

Lancet,  D.,  R.  Gross-Isserof f ,  T.  Margalit,  E.  Seidemann, 
and  N.  Ben-Arie.   1993.   Olfaction:   from  signal 
transduction  and  termination  to  human  genome  mapping. 
Chem.  Senses   18:   217-225. 

Lee,  H.C.,  R.  Aarhus ,  T.F.  Walseth.   1993.   Calcium 

mobilization  by  dual  receptors  during  fertilization  of 
sea  urchin  eggs.   Science.   261:   352-355. 

Lellis,  W.A.  and  J. A.  Russell.   1990.   Effect  of  temperature 
on  survival,  growth,  and  feed  intake  of  postlarval 
spiny  lobsters,  Panulirus   argus .      Aquaculture   90: 
1-9. 

Lerner,  M.R.,  T.K.  Gyorgyi ,  J.  Reagan,   A.  Roby-Shemkovitz 

A.,  R.  Rybczynski,  R.G.  Vogt .   1990.   Peripheral  events 
in  moth  olfaction.   Chem.  Senses   15:   191-198. 

Lindsay,  R.M.,  E.M.  Shooter,  M.J.  Radeke,  T.P.  Misko,  G. 
Mechant ,  H.  Thoenen,  and  D.  Lindholm.  1990.  Nerve 
growth  factor  regulates  expression  of  the  nerve  growth 


277 

receptor  gene  in  adult  sensory  neurons.   Euro.  J. 
Neurosci.   2:   389-396. 

Ling,  G.  and  R.W.  Gerard.   1949.   The  normal  membrane 

potential  of  frog  sartorius  fibers.   J.  Cell.  Comp . 
Physiol.   34:   383-396. 

Lodge,  D.  and  G.  Collingridge .   1990.   Les  agents 

provocateurs :   a  series  on  the  pharmacology  of 
excitatory  amino  acids.   TIPS   11:   22-24. 

Lowe,  G.  and  G.H.  Gold.   1990.   Cilia  are  the  site  of 

olfactory  transduction.   Soc .  Neurosci.  Abst .   16:   25. 

Lowe,  G.  and  G.H.  Gold.   1991.   The  spatial  distributions  of 
odorant  sensitivity  and  odorant- induced  currents  in 
salamander  olfactory  receptor  cells.   J.  Physiol.   442: 
147-168. 

Liickhoff,  A.  and  D.E.  Clapham.   1992.   Inositol  1,3,4,5- 
tetrakisphosphate  activates  an  endothelial  Ca2+- 
permeable  channel.   Nature   355:   356-358. 

Ludwig,  J.,  T.  Margalit,  E.  Eisman,  D.  Lancet,  and  U.B. 

Kaupp .   1990.   Primary  structure  of  cAMP-gated  channel 
from  bovine  olfactory  epithelium.   FEBS .  Lett.   270: 
24-29. 

Luttrell,  B.M.   1993.   The  biological  relevance  of  the 

binding  of  calcium  ions  by  inositol  phosphates.   J. 
Biol.  Chem.   268:   1521-1524. 

Maeda,  N.,  T.  Kawasaki,  S.  Nakade ,  N.  Yokota,  T.  Taguchi ,  M. 
Kasai,  and  K.  Mikoshiba.   1991.   Structural  and 
functional  characterization  of  inositol  1,4,5- 
trisphosphate  receptor  channel  from  mouse  cerebellum. 
J.  Biol.  Chem.   266:   1109-1116. 

Maeda,  N.,  M.  Niinobe,  Y.  Inoue,  and  K.  Mikoshiba.   1989. 

Developmental  expression  and  intracellular  location  of 
P400  protein  characteristic  of  Purkinje  cells  in  the 
mouse  cerebellum.   Dev.  Biol.  133:   67-76. 

Majerus,  P.W.   1992.   Inositol  phosphate  biochemistry. 
Annu.  Rev.  Biochem.   61:   225-250. 

Mania-Farnell,  B.  and  A.I.  Farbman.   1990.  Immunohisto- 
chemical  localization  of  guanine  nucleotide-binding 
proteins  in  rat  olfactory  epithelium  during 
development.   Dev.  Brain  Res.   51:   103-112. 


278 

Man-Son-Hing,  H.J.,  J.  Codina,  J.  Abramowitz,  P.G.  Haydon . 

1992.   Microinjection  of  the  a-subunit  of  the  G  protein 
Go2,  but  not  Go1,  reduces  a  voltage-sensitive  calcium 
current.   Cell  Signal.   4:   429-441. 

Mayrleitner,  M.,  C.C.  Chadwick,  A. P.  Timerman,  S.  Fleischer, 
and  H.  Schindler.   1991.   Purified  IP3  receptor  from 
smooth  muscle  forms  an  IP3  gated  and  heparin  sensitive 
Ca2+  channel  in  planar  bilayers.   Cell  Calcium   12: 
505-514 . 

Mazzanti,  M.,  A.  Galli,  and  A.  Ferroni .   1992.   Effect  of 
firing  rate  on  the  Ca  permeability  in  adult  neurons 
during  spontaneous  action  potentials.   Biophys .  J.   63: 
926-934. 

McClintock,  T.S.  and  B.W.  Ache.  1989a.  Histamine  directly 
gates  a  chloride  channel  in  lobster  olfactory  receptor 
neurons.   Proc .  Natl.  Acad.  Sci .  USA   86:   8137-8141. 

McClintock,  T.S.  and  B.W.  Ache.   1989b.   Hyperpolarizing 
receptor  potentials  in  lobster  olfactory  receptor 
cells:   implications  for  transduction  and  mixture 
suppression.   Chem.  Senses   14:   637-647. 

McClintock,  T.S.,  A. P.  Byrnes,  and  M.R.  Lerner.   1992. 

Molecular  cloning  of  a  G-protein  a±   subunit  from  the 

lobster  olfactory  organ.   Molecul .  Brain  Res.   14: 
273-276. 

McClintock,  T.S.,  S.C.  Edwards,  and  B.W.  Ache.   1990. 
Pertussis  toxin  substrates  and  G-protein-like 
immunoreactivity  in  the  olfactory  organ  of  the  spiny 
lobster.   Chem.  Senses   15:   617. 

McClintock,  T.S.,  K.  Schutte,  and  B.W.  Ache.   1989.   Failure 
to  implicate  cAMP  in  transduction  in  lobster  olfactory 
receptor  cells.   Chem.  Senses   14:   817-827. 

Menniti,  F.S.,  K.G.  Oliver,  J.W.  Putney,  Jr.,  and  S.B. 

Shears.   1993.   Inositol  phosphate  and  cell  signaling: 
new  views  of  InsP5  and  InsP6.   TBS   18(2):   53-56. 

Michel,  W.C.  and  B.W.  Ache.   1992.   Cyclic  nucleotides 

mediate  an  odor-evoked  potassium  conductance  in  lobster 
olfactory  receptor  cells.  J.  Neurosci .  12(10):  3979- 
3984  . 

Michel,  W.C.  and  B.W.  Ache.   In  press.   Odor-evoked 

inhibition  in  primary  olfactory  receptor  neurons. 
Chem.  Senses. 


279 

Michel,  W.M.,  D.A.  Fadool ,  and  B.W.  Ache.   1992a.   cAMP 
mediates  the  odor-evoked  inhibitory  conductance  in 
lobster  olfactory  receptor  cells.   Chem.  Senses   17: 
669-670. 

Michel,  W.C.,  T.S.  McClintock,  and  B.W.  Ache.   1991. 

Inhibition  of  lobster  olfactory  receptor  cells  by  an 
odor-activated  potassium  conductance.   J.  Neurophysiol . 
65:   446-453. 

Michel,  W.C.,  H.G.  Trapido-Rosenthal ,  E.T.  Chao,  and  M. 

Wachowiak.  1992b.  Stereoselective  detection  of  amino 
acids  by  lobster  olfactory  receptor  neurons.  J.  Comp . 
Physiol.  A.   171:   705-712. 

Mignery,  G.A.,  P.  A.  Johnson,  and  T.C.  Siidhof.   1992. 
Mechanism  of  Ca2+  inhibition  of  inositol  1,4,5- 
trisphosphate  (InsP3)  binding  to  the  cerebellar  InsP3 
receptor.   J.  Biol.  Chem.   267:   7450-7455. 

Mignery,  G.A.,  T.C.  Siidhof,  K.  Takei,  and  P.  De  Camilli. 
1989.   Putative  receptor  for  inositol  1,4,5- 
trisphosphate  similar  to  ryanodine  receptor.   Nature 
342:   192-195. 

Mittman,  S.C.,  D.G.  Flaming,  D.R.  Copenhagen,  and  J.H. 
Belgum.   1987.   Bubble  pressure  measurement  of 
micropipet  tip  outer  diameter.   J.  Neurosci .  Methods 
22:   161-166. 

Miwa,  A.,  M.  Ui . ,  and  N.  Kawai .   1990.   G  protein  is  coupled 
to  presynaptic  glutamate  and  GABA  receptors  in  lobster 
neuromuscular  synapse.   J.  Neurophysiol.   63:   173-180. 

Miyazaki,  S.,  M.  Yuzaki,  K.  Nakada,  H.  Shirakawa,  S. 

Nakanishi,  S.  Nakada,  and  K.  Mikoshiba.   1992.   Block 
of  Ca2+  oscillation  by  antibody  to  the  inositol  1,4,5- 
trisphosphate  receptor  in  fertilized  hamster  eggs. 
Science.   257:   251-255. 

Moriarty,  T.M.  S.C.  Sealfon,  D.J.  Carty,  J.L.  Roberts,  R. 

Iyengar,  and  E.M.  Landau.  1990.  Coupling  of  exogenous 
receptors  to  phospholipase  C  in  Xenopus  oocytes  through 
pertussis  toxin-sensitve  and  -insensitive  pathways.  J. 
Biol.  Chem.   264:   13524-13530. 

Morris,  A. P.,  D.V.  Gallacher,  R.F.  Irvine,  and  O.H. 

Petersen.   1987.   Synergism  of  inositol  trisphosphate 
and  tetrakisphosphate  in  activating  Ca2+-dependent  K+ 
channels.   Nature   330:   653-655. 


280 

Morrison,  E.E.  and  G.A.  Monti  Graziadei.   1983. 

Immunocytochemical  and  morphological  observations  of 
olfactory  neuroepithelium  transplants  in  rat  brain. 
Soc .  Neurosci.  Abstr.   9:   1019. 

Moss,  J.,  S.J.  Stanley,  D.L.  Burns,  J. A.  Hsia,  D.A.  Yost, 
G.A.  Myers,  and  E.L.  Hewlett.   1983.   Activation  by 
thiol  of  the  latent  NAD  glycohydrolase  and  ADP- 
ribosyltransf erase  activities  of  Bordetella  pertussis 
toxin  (islet  activating  protein) .   J.  Biol.  Chem.   258: 
11879-11882. 

Munger,  S.M.,  R.M.  Greenberg,  H.G.  Trapido-Rosenthal ,  and 
B.W.  Ache.   In  press.   Sequence  of  a  partial  cDNA 
encoding  a  putative  cyclic-nucleotide  gated  channel  in 
lobster  olfactory  receptor  neurons.   Chem.  Senses. 

Nakagawa,  T.,  H.  Okano,  T.  Furuichi,  J.  Aruga,  and  K. 

Mikoshiba.   1991.   The  subtypes  of  the  mouse  inositol 
1 , 4 , 5-trisphosphate  receptor  are  expressed  in  a  tissue- 
specific  and  developmentally  specific  manner.   Proc . 
Natl.  Acad.  Sci.  USA   88:   6244-6248. 

Nakamura,  T.  and  G.H.  Gold.   1987.   A  cyclic  nucleotide- 

gated  conductance  in  olfactory  receptor  cilia.   Nature 
325:   442-444. 

Nakamura,  T.  and  M.  Ui .   1985.   Simultaneous  inhibitions  of 
inositol  phospholipid  breakdown,  arachidonic  acid 
release,  and  histamine  secretion  in  mast  cells  by 
islet-activating  protein,  pertussis  toxin.   J.  Biol. 
Chem.   260:   3584-3593. 

Neer,  E.J.  and  D.E.  Clapham.   1988.   Roles  of  G  protein 
subunits  in  transmembrane  signalling.   Nature   333: 
129-134 . 

Neer,  E.J.,  J.M.  Lok,  L.G.  Wolf.   1984.   Purification  and 
properties  of  the  inhibitory  guanine  nucleotide 
regulatory  unit  of  brain  adenylate  cyclase.   J.  Biol. 
Chem.   259:   14222-14229. 

Neher,  E.   1992a.   Controls  on  calcium  influx.   Nature   355: 
298-299. 

Neher,  E.   1992b.   Ion  channels  for  communication  between 
and  within  cells.   Science   256:   498-502. 

Neher,  E.  and  B.  Sakmann.   1976.   Single-channel  currents 

recorded  from  membrane  of  denervated  frog  muscle  cells. 
Nature   260:   799-802. 


281 

Neher,  E.,  B.  Sakmann,  J.H.  Steinbach.   1978.   The 

extracellular  patch-clamp:   A  method  for  resolving 
currents  through  individual  open  channels  in  biological 
membranes.   Pfliigers.  Arch.   375:   219-228. 

Ngai,  J.,  M.M.  Dowling,  L.  Buck,  R.  Axel,  and  A.  Chess. 

1993 .   The  family  of  genes  encoding  odorant  receptors 
in  the  channel  catfish.   Cell   72:   657-666. 

Nishizuka,  Y.   1984.   The  molecular  heterogeneity  of  protein 
kinase  C  and  its  implications  for  cellular  regulation. 
Nature   334:   661-665. 

Nishizuka,  Y.   1988.   Turnover  of  inositol  phospholipids  and 
signal  transduction.   Science   225:   1365-1370. 

Nowycky,  M.C.,  A.  Fox,  and  R.W.  Tsien.   1985.   Long-opening 
mode  of  gating  of  neuronal  calcium  channels  and  its 
promotion  by  the  dihydropyridine  calcium  agonist  Bay  K 
8644.  Proc.  Natl.  Acad.  Sci.  USA   82:   2178-2182. 

Okajima,  F.  and  M.  Ui .   1984.   ADP-ribosylation  of  the 

specific  membrane  protein  by  islet-activating  protein, 
pertussis  toxin,  associated  with  inhibition  of  a 
chemotactic  peptide-induced  arachidonate  release  in 
neutrophils.   J.  Biol.  Chem.   259:   13863-13871. 

Olson,  K. ,  C.  Derby,  W.  Lynn.   1992.   Odorant  binding  to 
olfactory  receptor  molecules  in  the  spiny  lobster: 
mixture  interactions  and  G  proteins.   Chem.  Senses 
17:   681. 

Oyama,  Y.,  N.  Hori,  C.N.  Allen,  and  D.O.  Carpenter.   1990. 
Influences  of  trypsin  and  collagenase  on  acetylcholine 
responses  of  physically  isolated  single  neurons  of 
Aplysia    californica.       Cell.  Mol .  Neurobiol .   10: 
193-205. 

Pace,  U.  and  D.  Lancet.   1986.   Olfactory  GTP-binding 

protein:  signal-transducing  polypeptide  of  vertebrate 
chemosensory  neurons.  Proc.  Natl.  Acad.  Sci.  USA  83: 
4947-4951. 

Pace,  U. ,  E.  Hansky,  Y.  Salomon,  and  D.  Lancet.   1985. 
Odorant  sensitive  adenylate  cyclase  may  mediate 
olfactory  reception.   Nature   316:   255-258. 

Pang  I-H.  and  P.C.  Sternweis.   1990.   Purification  of  unique 
alpha  subunits  of  GTP-binding  regulatory  proteins  (G 
proteins)  by  affinity  chromatography  with  immobilized 
beta-gamma  subunits.   Proc.  Natl.  Acad.  Sci.  USA   86: 
7814-7818. 


282 

Parker,  I.  and  I.  Ivorra.   1991.   Inositol  tetrakisphosphate 
liberates  stored  Ca2+  in  Xenopus   oocytes  and 
facilitates  responses  to  inositol  trisphosphate .   J. 
Physiol.   433:   207-227. 

Paves,  H.,  T.  Neuman,  M.  Metsis,  and  M.  Saarma .   1990. 

Nerve  growth  factor- induced  rapid  reorganization  of 
microfilaments  in  PC12  cells:   Possible  roles  of 
different  second  messenger  systems.   Exp.  Cell  Res. 
186:   218-226. 

Penner,  R.,  G.  Matthews,  E.  Neher.   1988.    Regulation  of 
calcium  influx  by  second  messengers  in  rat  mast 
cells.   Nature   334:   499-504. 

Pietrobon,  D.  and  P.  Hess.   1990.   Novel  mechanism  of 
voltage-dependent  gating  in  L-type  Ca  channels. 
Nature   346:   651-655. 

Pixley,  S.K.  and  R.Y.K.  Pun.   1990.   Cultured  rat  olfactory 
neurons  are  excitable  and  respond  to  odors.   Devel . 
Brain  Res.   53:   125-130. 

Pollack,  E.D.,  W.L.  Muhlach,  and  V.  Liebig.   1981. 

Neurotropic  influence  of  mesenchymal  limb  target  tissue 
on  spinal  cord  neurite  growth  in   vitro.      J.  Comp . 
Neurol.   200:  393-405. 

Prod' horn,  B.,  D.  Pietrobon,  and  P.  Hess.   1987.   Direct 

measurement  of  proton  transfer  rates  controlling  the 
DHP-sensitive  Ca  channel.   Nature   329:   243-246. 

Prod' horn,  B.,  D.  Pietrobon,  and  P.  Hess.   1989. 

Interactions  of  protons  with  single  open  L-type  Ca 
channels.   J.  Gen.  Physiol.   94:   23-42. 

Pupillo,  M.,  A.  Kumagai,  G.S.  Pitt,  R.A.  Firtel,  and  P.N. 
Devreotes.   1989.   Multiple  a   subunits  of  guanine 
nucleotide-binding  proteins  in  Dictyostelium.      Proc . 
Natl.  Acad.  Sci.  USA   86:   4892-4896. 

Putney,  J.W.   1992.   Inositol  phosphates  and  calcium  entry. 
IN:  Advances   in   Second  Messenger  and   Phosphoprotein 
Research.    Ed.  J.  W.  Putney.  Raven  Press  Ltd.,  New  York, 
Vol  26,  pp.  143-160. 

Rae,  J.L.  and  K.  Cooper.   1990.   New  techniques  for  the 

study  of  lens  electrophysiology .   Exp.  Eye  Res.   50: 
603-614. 


283 

Raming,  K. ,  J.  Kreiger,  J.  Strotmann,  I.  Boekhoff,  S. 

Kubick,  C.  Baumstark,  and  H.  Breer.   1993.   Cloning  and 
expression  of  odorant  receptors.   Nature   361:   353- 
356. 

Reed,  R.R.   1992.   Signaling  pathways  in  odorant  detection. 
Neuron   8:   205-209. 

Restrepo,  D.,  T.  Miyamoto,  B.P.  Bryant,  and  J.H.  Teeter. 
1990 .   Odor  stimuli  trigger  influx  of  calcium  into 
olfactory  neurons  of  the  channel  catfish.   Science 
249:   1166-1168. 

Restrepo,  D.,  J.H.  Teeter,  E.  Honda,  A.G.  Boyle,  J.F. 

Marecek,  G.D.  Prestwich,  and  D.L.  Kalinoski.   1992. 
Evidence  for  an  InsP3-gated  channel  protein  in  isolated 
rat  olfactory  cilia.   Amer.  J.  Physiol.   263:   C667- 
C673. 

Rhoads,  D.E.,  L-J.  Cheng,  R.E.  Wolke,  P.C.  Sternweis.   In 
press.   Olfactory  signal  transduction  in  Atlantic 
salmon.   Chem.  Senses. 

Ronnett,  G.V.,  H.  Cho,  L.D.  Hester,  S.F.  Wood,  and  S.H. 
Snyder.   1993.   Odorants  differentially  enhance 
phosphoinositide  turnover  and  adenylyl  cyclase  in 
olfactory  receptor  neuronal  cultures.   J.  Neurosci. 
13:   1751-1758. 

Ronnett,  G.V.,  L.D.  Hester,  and  S.  Snyder.   1991.   Primary 
culture  of  neonatal  rat  olfactory  neurons.   J. 
Neurosci.   11:   1243-1255. 

Ronnett,  G.V.  and  S.H.  Snyder.   1992.   Molecular  messengers 
of  olfaction.   TINS   15:   508-513. 

Ross,  C.A.,  J.  Meldolesi,  T.A.  Milner,  T.  Satoh,  S. 

Supattapone,  and  S.H.  Snyder.   1989.   Inositol  1,4,5- 
trisphosphate  receptor  localized  to  endoplasmic 
reticulum  in  cerebellar  Purkinje  neurons.   Nature 
339:   468-470. 

Sakmann,  B.   1992.   Elementary  steps  in  synaptic 

transmission  revealed  by  currents  through  single  ion 
channels.   Science   256:   503-512. 

Sasakawa,  N.,  T.  Nakaki,  and  R.  Kato.   1990.   Stimulus- 
responsive  and  rapid  formation  of  inositol 
pentakisphosphate  in  cultured  adrenal  chromaffin  cells. 
J.  Biol.  Chem.   265:   17700-17705. 


284 

Schmiedel- Jakob,  I.,  W.C.  Michel,  P.A.V.  Anderson,  and  B.W. 
Ache.   1990.   Whole  cell  recording  from  lobster 
olfactory  receptor  cells:   multiple  ionic  bases  for  the 
receptor  potential.   Chem.  Senses   15:   397-405. 

Sebben,  M.,  J.  Gabrion,  0.  Manzoni,  F.  Sladeczek,  C.  Gril, 
J.  Bockaert ,  and  A.  Dumuis .   1990.   Establishment  of  a 
long-term  primary  culture  of  striatal  neurons.   Devel . 
Brain  Res.   52:   229-239. 

Selbie,  L.A.,  A.  Townsend-Nichelson,  T.P.  Iismaa,  and  J. 
Shine.   1992.   Novel  G  protein-coupled  receptors:   a 
gene  family  of  putative  human  olfactory  receptor 
sequences.   Molecul .  Brain  Res.   13:   159-163. 

Sharp,  A.H.,  P.S.  McPherson,  T.M.  Dawson,  C.  Aoki,  K.P. 
Campbell,  S.H.  Snyder.   1993.   Differential 
immunohistochemical  localization  of  inositol  1,4,5- 
trisphosphate-  and  ryanodine-sensitive  Ca2+  release 
channels  in  rat  brain.   J.  Neurosci.   13:   3051-3063. 

Shepherd,  G.M.   1991.   Sensory  transduction:   entering  the 
mainstream  of  membrane  signaling.   Cell   67:   845-851. 

Shinohara,  H.,  K.  Kato,  T.  Asano.   1992.   Differential 

localization  of  G  proteins,  Gt  and  G0,  in  the  olfactory 
epithelium  and  the  main  olfactory  bulb  of  the  rat. 
Acta  Anat.   144:   167-171. 

Simon,  M.I.,  M.P.  Strathmann,  N.  Gautam.   1991.   Diversity 
of  G  proteins  in  signal  transduction.   Science   252: 
802-808. 

Smith,  D.V.  and  J.B.  Travers .   1979.   A  metric  for  the 

breadth  of  tuning  of  gustatory  neurons.   Chem.  Sens. 
Flavour   4:   215-229. 

Smrcka,  A.V.,  J.R.  Hepler,  K.O.  Brown,  P.C.  Sternweis . 
1991.   Regulation  of  polyphosphoinositide-specif ic 
phospholipase  C  activity  by  purified  Gq.   Science 
251:   804-807. 

Steinbretch,  R.A.   1969.   Comparative  morphology  of 

olfactory  receptors.   IN:  Olfaction  and  Taste.      Ed.  C. 
Pfaffmann.   Rockefeller  University  Press,  New  York,  pp 
3-21. 

Stengl,  M.   1993.   Intracellular-messenger-mediated  cation 
channels  in  cultured  olfactory  receptor  neurons.   J. 
Exp.  Biol.   178:   125-147. 


285 

Stengl,  M.  and  J.G.  Hildebrand.   1990.   Insect  olfactory 

neurons  in   vitro:      Morphological  and  immunocytochemical 
characterization  of  male-specific  antennal  receptor 
cells  from  developing  antennae  of  male  Manduca   sexta. 
J.  Neurosci.   10:   837-847. 

Stengl,  M. ,  F.  Zufall,  J.  Dudel,  and  J.G.  Hildebrand.   1989. 
Patch  clamp  analysis  of  male  Manduca   Sexta   olfactory 
receptor  neurons  in  primary  cell  culture.   Soc . 
Neurosci.  Abstr.   15:   751. 

Sternweis,  P.C.  and  J.D.  Robinshaw.   1984.   Isolation  of  two 
peptides  with  high  affinity  for  guanine  nucleotides 
from  membranes  of  bovine  brain.  J.  Biol.  Chem.   259: 
13806-13813. 

Sternweis,  P.C.  and  A.V.  Smrcka .   1992.   Regulation  of 

phospholipase  C  by  G  proteins.   TIBS   17:   502-506. 

Sternweis,  P.C.,  A.V.  Smrcka,  and  S.  Gutowski .   1992. 
Hormone  signalling  via  G-proteins :   regulation  of 
phosphatidylinositol  4 , 5-bisphosphate  hydrolysis  by  Gq. 
Phil.  Trans.  R.  Soc.  Lond .  B.   336:   35-42. 

Strathmann,  M.  and  M.I.  Simon.   1990.   G  protein  diversity: 
a  distinct  class  of  a   subunits  is  present  in 
vertebrates  and  invertebrates.   Proc .  Natl.  Acad.  Sci . 
USA   87:   9113-9117. 

Supattapone,  S.,  P.F.  Worley,  J.M.  Baraban,  and  S.H.  Snyder. 
1988.   Solubilization,  purification,  and 

characterization  of  an  inositol  trisphosphate  receptor. 
J.  Biol.  Chem.  263:   1530-1534. 

Suzuki,  N.   1990.   Single  cyclic  nucleotide-activated  ion 
channel  activity  in  olfactory  receptor  cell  soma 
membrane.   Neurosci.  Res.   12:   113-126. 

Taggart,  P.  and  M.  Landau.   1992.   Characterization  of  a  G- 
protein  form  the  mandibular  organ  of  the  lobster 
Homarus   americanus       (Nephropidae,  Decapoda) .   Comp . 
Biochem.  Physiol.   102B:   799-802. 

Taussig,  R.,  L.M.  Quarmby,  and  A.G.  Gilman.   1993. 
Regulation  of  purified  type  I  and  type  II 
adenylylcyclases  by  G  protein  beta  gamma  subunits.   J. 
Biol.  Chem.   268:   9-12. 

Taylor,  S.J.  and  J.H.  Exton.   1987.   Guanine-nucleotide  and 
hormone  regulation  of  polyphosphoinositide 
phospholipase  C  activity  of  rat  liver  plasma  membranes. 
Biochem.  J.   248:   791-799. 


286 

Taylor,  S.J.,  J. A.  Smith,  J.H.  Exton.   1990.   Purification 
from  bovine  liver  membranes  of  a  guanine  nucleotide- 
dependent  activator  of  phosphoinositide-specif ic 
phospholipase  C.   J.  Biol.  Chem.   265:   17150-17156. 

Taylor,  S.J.,  H.Z.  Chae,  S.G.  Rhee . ,  and  J.H.  Exton.   19  91. 
Activation  of  the  Si  isozyme  of  phospholipase  C  by  a 
subunits  of  the  Gq  class  of  G  proteins.   Nature   350: 
516-518. 

Theibert,  A.B.,  V.A.  Estevez,  CD.  Ferris,  S.K.  Danoff,  R.K. 
Barrow,  G.D.  Prestwich,  and  S.H.  Snyder.   1991. 
Inositol  1, 3 , 4 , 5-tetrakisphosphate  and  inositol 
hexakisphosphate  receptor  proteins:   Isolation  and 
characterization  from  rat  brain.   Proc .  Natl.  Acad. 
Sci.  USA   88:   3165-3169. 

Theibert,  A.B.,  V.A.  Estevez,  R.J.  Mourey,  J.F.  Marecek, 
R.K.  Barrow,  G.D.  Prestwich,  and  S.H.  Snyder.   1992. 
Photoaf f inity  labeling  and  characterization  of  isolated 
inositol  1 , 3 , 4 , 5-tetrakisphosphate-  and  inositol 
hexakisphosphate-binding  proteins.   J.  Biol.  Chem. 
267:   9071-9079. 

Theibert,  A.B.,  S.  Supattapone,  C.D.  Ferris,  S.K.  Danoff, 

R.K.  Evans,  and  S.H.  Snyder.   1990.   Solubilization  and 
separation  of  inositol  1 , 3 , 4 , 5-tetrakisphosphate-  and 
inositol  1 , 4 , 5-trisphosphate-binding  proteins  and 
metabolizing  enzymes.   Biochem.  J.   267:   441-445. 

Theibert,  A.B.,  S.  Supattapone,  P.F.  Worley,  J.M.  Baraban, 
J.L.  Meek,  and  S.H.  Snyder.   1987.   Demonstration  of 
inositol  1 , 3 , 4 , 5-tetrakisphosphate  and  inositol 
hexakisphosphate  receptor  proteins:   isolation  and 
characterization  from  rat  brain.   Biochem.  Biophys . 
Res.  Comm.   148:   1283-1289. 

Timerman,  A. P.,  M.M.  Mayrleitner,  T.J.  Lukas,  C.C.  Chadwick, 
A.  Saito,  D.M.  Watterson,  H.  Schindler,  and  S. 
Fleischer.   1992.   Inositol  polyphosphate  receptor  and 
clathrin  assembly  protein  AP-2  are  related  proteins 
that  form  potassium-selective  ion  channels  in  planar 
lipid  bilayers.   Proc.  Natl.  Acad.  Sci.  USA   89: 
8976-8980. 

Trapido-Rosenthal,  H.G.,  P.J.  Linser,  R.M.  Greenberg,  R.A. 
Gleeson,  and  W.E.S.  Carr .   1993.   cDNA  clones  from  the 
olfactory  organ  of  the  spiny  lobster  encode  a  protein 
related  to  eukaryotic  glutamine  synthetase.   Gene   129: 
275-278. 


287 

Vallejo,  M.,  T.  Jackson,  S.  Lightman,  and  M.R.  Hanley. 

1987.   Occurrence  and  extracellular  actions  of  inositol 
pentakis-  and  hexakisphosphate  in  mammalian  brain. 
Nature   330:   656-658. 

Van  Beek,  E.,  M.  Van  Brussel,  G.  Criel,  and  A.  De  Loof . 

1987.   A  possible  extra-ovarian  site  for  synthesis  of 
lipovitellin  during  vitellogenesis  in  Artemia    sp. 
(Crustacea,  Anacostraca) .       Int.  J.  Invest.  Reprod. 
Develop.   12:   227-240. 

Viven,  J.  and  R.  Coronado .   198  8.   Opening  of 

dihydropyridine  calcium  channels  in  skeletal  muscle 
membranes  by  inositol  trisphosphate .   Nature   336: 
587-589. 

Vogt,  R.,  R.  Rybczynski,  and  M.R.  Lerner.   1990.   The 

biochemistry  of  odorant  reception  and  transduction. 
IN:  Chemosensory   Information   Processing.       Ed.  D. 
Schild,  Series  H:  Cell    Biology,    New  York  and 
London,  Vol.  39,  pp  33-76. 

Voyno-Yasenetskaya,  T.A.,  M.P.  Panchenko,  E.V.  Nupenko,  V.O. 
Rybin,  and  V.A.  Tkachuk .   1989.   Histamine  and 
bradykinin  stimulate  the  phosphoinositide  turnover  in 
human  umbilical  vein  endothelial  cells  via  different  G- 
proteins.   FEBS   259:   67-70. 

Wahl,  M.L.,  S.  Nishibe,  P.-G.  Suh,  S.G.  Rhee,  and  G. 

Carpenter.   1989.   Epidermal  growth  factor  stimulates 
tyrosine  phosphorylation  of  phospholipase  C-II 
independently  of  receptor  internalization  and 
extracellular  calcium.   Proc .  Natl.  Acad.  Sci .  USA 
86:   1568-1572. 

Watkins,  J.C.,  P.  Krogsgaard-Larsen,  and  T.  Honore .   1990. 
Structure-activity  in  the  development  of  excitatory 
amino  acid  receptor  agonists  and  competitive 
antagonists.   TIPS   11:   25-33. 

Watras,  J.,  I.  Bezprozvanny ,  and  B.E.  Ehrlich.   1991. 
Inositol  1 , 4 , 5-trisphosphate-gated  channels  in 
cerebellum:   Presence  of  multiple  conductance  states. 
J.  Neurosci.   11:   3239-3245. 

Wonderlin,  W.F.,  R.J.  French,  and  N.J.  Arispe.   1990. 

Recording  and  analysis  of  currents  from  single  ion 
channels.   IN:  Neuromethods    -   Neurophysiological 
Techniques :      Basic  Methods   and   Concepts.       Ed.   A. A. 
Bolton,  G.B.  Baker,  and  C.H.  Vanderwolf.   Humana  Press, 
Inc.,  Clifton,  New  Jersey,  Vol.  14,  pp.  35-142. 


288 

Wong,  R.G.,  R.D.  Hadley,  S.B.  Kater,  and  G.C.  Hauser.   1981. 
Neurite  outgrowth  in  molluscan  organ  and  cell  cultures: 
The  role  of  conditioning  factor (s) .   J.  Neurosci .   1: 
1008-1021. 

Worley,  P.F.,  J.M.  Baraban,  J.S.  Colvin,  and  S.H.  Snyder. 

1987.   Inositol  trisphosphate  receptor  localization  in 
brain:   Variable  stoichiometry  with  protein  kinase  C. 
Nature   325:  159-161. 

Yue,  D.T.,  P.H.  Backx,  and  J. P.  Imredy.   1991.   Ca-sensitive 
inactivation  in  the  gating  of  single  Ca  channels. 
Science   250:   1735-1738. 

Yue,  D.T.,  S.  Herzig,  and  E.  Marban.   1990.   6-Adrenergic 

stimulation  of  calcium  channels  occurs  by  potentiation 
of  high-activity  modes.   Proc .  Natl.  Acad.  Sci .  USA 
87:   753-757. 

Zufall,  F.,  S.  Firestein,  and  G.M.  Shepherd.   1991a. 

Analysis  of  single  cyclic  nucleotide-gated  channels  in 
olfactory  receptor  cells.   J.  Neurosci.   11:   3573- 
3580. 

Zufall,  F.,  M.  Stengl,  C.  Franke,  J.G.  Hildebrand,  and  H. 
Hatt.   1991b.   Ionic  currents  of  cultured  olfactory 
receptor  neurons  from  antennae  of  male  Manduca   sexta. 
J.  Neurosci.   11:   956-965. 


BIOGRAPHICAL  SKETCH 
Debra  Ann  Fadool  was  born  to  Elizabeth  Lynn  Lewis  and 
Robert  Servetus  Frey  on  15  November  1962  in  Highland  Park, 
Illinois.   When  she  was  a  year  old,  she  and  her  family, 
including  her  sister  Elizabeth  Lynn,  moved  to  Cincinnati 
Ohio,  where  she  resided  and  attended  grade  school  at  Kilgore 
Elementary.   When  she  was  six,  her  father,  her  sister,  and 
she  moved  to  Louisville,  Kentucky,  where  she  completed  grade 
school  at  Norton  Elementary  and  Belknap  Elementary.   She 
attended  middle  school  at  Highland  Jr.  High  School.   She 
attended  high  school  at  Atherton  High  and  Louisville 
Central,  graduating  in  1981.   It  was  during  these  years  that 
she  became  disciplined  in  athletics,  competing  nationally  in 
synchronized  swimming  and  qualifying  for  the  All  State  cross 
country  team.   It  was  also  during  this  period  that  she 
acquired  a  self-taught  interest  in  science,  which  developed 
out  of  boredom  for  something  constructive  in  a  school  system 
which  was  undergoing  long  awaited  desegregation.   She 
directed  her  high  school  science  education  by  participating 
in  state  and  regional  math  and  science  fairs,  which  gave  her 
the  incentive  to  pursue  biology  at  Albion  College,  Michigan. 
There  she  fostered  her  childhood  interest  in  teaching 
through  the  example  of  several  excellent  professors,  and  a 

289 


290 

love  of  marine  biology  through  an  off-campus  semester  in  the 
U.S.V.I.,  St.  Croix.   She  graduated  magna  cum  laude  from 
Albion  College- -MVP  and  all  MIAA,  NCAAIII  cross  country  & 
track;  biology  and  english  majors,  May  of  1985.   She  taught 
at  Newfoundland  Harbor  Marine  Institute,  Big  Pine  Key, 
Florida,  the  summer  before  going  to  Kingston,  Rhode  Island, 
where  she  earned  a  Master  of  Science  jointly  under  the 
supervision  of  Dr.  Phyllis  Brown,  an  analytical  chemist,  and 
Gabriel  Kass-Simon,  a  physiologist.   She  returned  to 
Louisville  and  married  James  Michael  Fadool  at  St.  Paul's 
United  Methodist  Church.   They  resided  in  East  Lansing, 
Michigan,  where  she  completed  additional  classwork,  taught 
biology  lectures,  and  was  a  research  associate  for  Michigan 
State  University.   She  had  her  first  son,  James  Calvin,  the 
summer  of  1989,  shortly  afterwhich  the  family  moved  to  St. 
Augustine,  Florida,  to  allow  her  to  commence  her  doctorate 
research  at  the  Whitney  Laboratory  under  the  direction  of 
Barry  Ache,  a  chemosensory  physiologist.   She  studied 
neurobiology  at  Marine  Biological  Laboratory,  Woods  Hole, 
Massachusetts,  the  summer  of  1991.   She  gave  birth  to  her 
second  son  the  spring  of  1993,  traveled  to  Sapporo  Japan  to 
participate  in  an  international  smell  and  taste  meeting,  and 
returned  to  St.  Augustine  to  complete  her  requirements  for 
the  degree  of  Doctor  of  Philosophy  in  zoology  through  the 
University  of  Florida,  December  1993.   She  looks  forward  to 
studying  as  a  postdoctoral  scientist  under  the  direction  of 


291 

Irwin  Levitan,  a  membrane  biophysicist  at  Brandeis 
University,  Waltham,  Massachusetts,  while  her  husband 
studies  under  the  direction  of  John  Dowling,  a  developmental 
biologist  at  Harvard  University,  Boston,  Massachusetts. 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  accepfeab:l"H---s^aTidarcis-^of  scholarly 
presentation  and  is  fully/adequate,  lh  scqpe]and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of\Philosophy . 


Barry  W.  Ache^  Chairman 
Professor  of  Zoology 
and  Neuroscience 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable .standards  of  scholarly 
presentation  and  is  fully  \adequata,  in  scope  and  quality,  as 
a  dissertation  for  the  degrefe  o\   Doctor  of  Philosophy. 


Peter  A. W  Anderson 
Professor  of  Neuroscience 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Barbara-Anne  Battelle 

Associate  Professor  of  Neuroscience 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


7CU-L     .£>    f-        (J^r^l 


William  E.S.  Carr 
Professor  of  Zoology 

I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree/of  Doctor  of  Philosophy. 


WSrAaJb 


fichele  Wheatly 
Associate  Professor  of  Zooloe 


This  dissertation  was  submitted  to  the  Graduate  Faculty 
of  the  Department  of  Zoology  in  the  College  of  Liberal  Arts 
and  Sciences  and  to  the  Graduate  School  and  was  accepted  as 
partial  fulfillment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy. 

December  1993  , , - 

Dean,  Graduate  School 


UNIVERSITY  OF  FLORIDA 


3  1262  08553  9384 


